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I. REAL PARTY IN INTEREST

The real party in interest is Monsanto Company, the parent company of assignee

Monsanto Technology LLC.

II. RELATED APPEALS AND INTERFERENCES

There are no appeals and/or interferences related to this pending appeal.

III. STATUS OF THE CLAIMS

Claims 1-17 were filed with the application. Claims 9-15 stand withdrawn from

consideration as directed to a non-elected invention, but should be rejoined upon allowability of

the current claims pursuant to MPEP 821.04. No claims have been added or cancelled. Claims

1-8, 16, and 17 are therefore currently pending and under examination. Claims 1-8, 16, and 17

were rejected by the Examiner in the Final Action dated January 4, 2007 and are the subject of

this appeal. A copy of the appealed claims as they currently stand is provided in Section VIII.

IV. STATUS OF AMENDMENTS

An amendment to claims 1, 16 and 17 was made in the Response to Office Action filed

on October 5, 2006 and was entered by the Examiner. No subsequent amendments have been

filed.

V. SUMMARY OF CLAIMED SUBJECT MATTER

The claimed invention relates to methods of obtaining transformable callus tissue from

mature corn seeds, and methods of transforming a corn plant. Specification at paragraph 0008.

The claimed methods involve germinating a mature corn seed in tissue culture media containing

an effective amount of an auxin and an effective amount of a cytokinin to produce a growing

seedling and removal of a nodal section from the seedling followed by culturing the nodal
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section on callus induction media to produce embryogenic callus suitable for transformation.

Specification at paragraph 0009. The mature corn seed may be primed prior to germination.

Specification at paragraph 0047. The claimed invention further relates to transforming an

embryogenic callus culture prepared in accordance with the invention with a nucleic acid

sequence conferring a selected genetic trait; selecting transformed callus cells; and regenerating a

transformed plant from the transformed callus to obtain a plant containing the nucleic acid

sequence. Specification at paragraph 0010.

VI. GROUNDS OF REJECTION TO BE REVIEWED ON APPEAL

Were claims 1-8, 16 and 17 properly rejected under 35 U.S.C. §102(b) as being

anticipated by Reichert et al. (U.S. Patent No. 6,140,555)?

VII. ARGUMENT

A. The Claims Are Not Anticipated Under 35 U.S.C. §102(b) by Reichert et al. (U.S.

Patent No. 6,140,555)

The Examiner alleges that all elements of Appellants' claimed method, and specifically

the germination of a mature seed or zygotic embryo in media containing an effective amount of

an auxin and a cytokinin to obtain a transformable callus tissue, is disclosed by U.S. Patent No.

6,140,555 (Riechert et al). For support, the Examiner cites columns 3-4 and column 10, line 65

to column 11, line 15. However, as fully explained below, neither these cited passages nor any

other portion of Reichert et al. teach or suggest Appellants' claimed method. Rather, Reichert et

al. expressly teach that germination of mature seeds is accomplished without growth regulators.

Reichert et al, col. 12, lines 19-21.

For a reference to anticipate a claim, it must teach every element of the claim such that,

"each and every element as set forth in the claim is found, either expressly or inherently
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described, in a single prior art reference." Verdegaal Bros. v. Union Oil Co. of California, 814

F.2d 628, 631, 2 U.S.P.Q.2d 1051, 1053 (Fed. Cir. 1987). Because Reichert et al. do not teach or

suggest all elements of Appellants' claimed method, and specifically germination of a mature

seed or zygotic embryo in media containing an effective amount of auxin and cytokinin, the

anticipation rejection must be reversed.

B. Reichert et al. Do Not Teach or Suggest the Claimed Step of Germination in

Media Containing Auxin and Cytokinin

Riechert et al. is directed towards preparing nodal extracts from germinated mature seeds

and germinated embryos. For example, as stated in the Reichert et al. Abstract, "Maize tissue

may be regenerated from nodal extracts prepared from germinated mature seeds and germinated

embryos." The Summary of the Invention of Reichert et al. further states that, "The medium

used to germinate mature seeds is [plant] growth regulator free." Col 12. 11. 19-21 (Emphasis

added). Thus, Reichert et al. teaches away from germination in the presence of plant hormones.

In contrast, the instant claims require that the mature seed or zygotic embryo is germinated in a

media containing an effective amount of an auxin and a cytokinin. Specifically, independent

claims 1, 16, and 17 are each directed to a method that includes the step of, "germinating a

mature corn seed in tissue culture media containing an effective amount of an auxin and an

effective amount ofa cytokinin ..." (Emphasis added). This step is not found in Reichert et al.

,

therefore, the instant claims are not anticipated. Verdegaal Bros., 814 F.2d at 628.

C. The Passages of Reichert et al. cited by the Examiner Only Relate to Nodal

Tissue Exposed to a Single Hormone

The portions of Reichert et al. the Examiner cites as disclosing germination of mature

seeds in media containing an auxin (picloram) and a cytokinin (BAP) in fact only disclose

exposing nodal tissue to an auxin or a cytokinin. For example, the "Literature Review" section

of the Reichert et al. Background of the Invention explains that nodal tissues were taken from
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dark-grown, 3-4 day old germinated seedlings. These nodal tissues are used to initiate

organogenic callus cultures, and these nodal tissues are placed on a MS-based medium that

contain the auxin picloram. However, the media does not contain a cytokinin. Reichert et al,

col. 3 11. 61 - col. 4 11. 2. In addition, the current claims do not relate to placing nodal explants in

media, but rather require germinating a "mature corn seed" in tissue culture media containing an

effective amount of an auxin and an effective amount of a cytokinin to produce a growing

seedling, from which a nodal section can then be isolated. (Emphasis added). As explained in

the specification, this technique greatly increases the efficiency of callus production in corn. See

Specification at Paragraph 0045.

As another example, the Reichert et al. Summary of the Invention explains that nodal

section explants are taken from three day-old seedlings, and further states that "[n]odal section

explants are placed on corn shoot induction medium...." (emphasis added). The induction

medium contains the cytokinin BAP, however, it does not contain an auxin. Reichert et al. col.

10, lines 58-61; col. 10, 1. 65 - col. 11, 1. 15

Clearly, the portions of Reichert et al. cited by the Examiner are entirely related to nodal

tissue that is exposed to an auxin or a cytokinin. These passages do not relate to the germination

of mature seeds in media containing both an auxin and a cytokinin. Thus, despite the

Examiner's assertions, they do not teach or suggest germinating a mature corn seed in tissue

culture media containing an effective amount of an auxin and an effective amount of a

cytokinin as required by the claims. Reversal of the rejection is thus respectfully requested.
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CONCLUSION

Appellants submit that Reichert et al. teaches mature seeds are germinated without any

plant growth regulators, and no where does Reichert et al. teach or suggest germinating a mature

corn seed in tissue culture media containing an effective amount of an auxin and an effective

amount of a cytokinin. Therefore, Reichert et al. do not teach or suggest every element of

Appellants' claimed invention. Appellants thus submit that the rejection is improper and

respectfully request the Board reverse the pending rejection.

Respectfully submitted,

/Robert E. Hanson/

Robert E. Hanson

Reg. No. 42,628

FULBRIGHT & JAWORSKI L.L.P Attorney for Appellants

600 Congress Avenue, Suite 2400

Austin, Texas 78701

(512) 536-3085

Date: June 4, 2007
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VIII. CLAIMS APPENDIX

APPEALED CLAIMS:

1. A method of obtaining transformable callus tissue comprising: germinating a mature corn

seed in tissue culture media containing an effective amount of an auxin and an effective

amount of a cytokinin to produce a growing seedling containing a nodal section; isolating

the nodal section from the seedling; and culturing the nodal section on a callus induction

media to produce embryogenic callus suitable for transformation.

2. The method of claim 1 in which the auxin is picloram and the cytokinin is BAP.

3. The method of claim 4 in which the picloram concentration is between about 0.5 mg/L and

about 20 mg/L.

4. The method of claim 4 in which the BAP concentration is between about 0.1 mg/L and

about 10 mg/L.

5. The method of claim 1 in which the tissue culture media is solid.

6. The method of claim 1 in which the nodal section is obtained from the seedling between 3

and 30 days after germination.

7. The method of claim 6 in which the nodal section is obtained from the seedling between 7

and 10 days after germination.

8. The method of claim 1 further comprising the steps of: transforming the callus with a

nucleic acid sequence conferring a selected genetic trait to the transformed callus; and

regenerating a transformed plant from the transformed callus containing the nucleic acid

sequence.

16. A method of obtaining transformable callus tissue from a corn plant comprising: priming a

mature corn seed; germinating a mature corn seed in tissue culture media containing an

effective amount of an auxin and an effective amount of a cytokinin to produce a growing

seedling containing a nodal section; isolating the nodal section from the seedling; culturing

the nodal section on callus induction media to produce embryogenic callus.

17. A method of transforming a corn plant comprising: priming a mature corn seed;

germinating the mature seed in tissue culture media containing an effective amount of an

25774570.1
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auxin and an effective amount of a cytokinin to produce a growing seedling containing a

nodal section; isolating the nodal section from the seedling; culturing the nodal section on

callus induction media to form an embryogenic callus culture; transforming the

embryogenic callus culture with a nucleic acid sequence conferring a selected genetic trait

to the transformed callus; selecting transformed callus cells; and regenerating a

transformed plant from the transformed callus to obtain a plant containing the nucleic acid

sequence.
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IX. EVIDENCE APPENDIX

Exhibit A: U.S. Patent 6, 140,555 (filed June 5, 1998) to Riechert et al.
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Maize tissue may be regenerated from nodal extracts pre-

pared from germinated mature seeds and germinated

embryos. Nodal section explants are secured from seedlings

in 3-5 days. The explants are grown on an induction medium
until adventitious shoot formation is observed. The shoots

are separated and elongated on an MS-based medium, and

then rooted. Fast genotype-independent regeneration is

obtained, in 12-14 weeks. These explants, as well as zygotic

embryos, may be transformed with exogenous DNA using a

biolistic approach, where DNA precipitated onto tungsten

microprojectiles is accelerated as 650 psi towards the

explants at a distance of at least 7.5 microns. Improved

frequency of transformation is obtained using microprojec-

tiles which prior to DNA precipitation were frozen in

glycerol, and suspending from a preparation of 2.5 M CaCl2 .

The combination of transformation process and regeneration

can be used, independent of genotype, to provide new
commercial crop organisms.

13 Claims, No Drawings
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METHODS FOR MAIZE TRANSFORMATION transfer into cells of plants, animals, or microbes, Klein et

COUPLED WITH ADVENTITIOUS al., 1992. Since its advent, it has been a very useful method

REGENERATION UTILIZING NODAL commonly employed to transform the world's cereal crops

SECTION EXPLANTS AND MATURE like rice, barley, sorghum, oat, wheat and maize, Christou et

ZYGOTIC EMBRYOS 5 al. 1991; Klein et al., 1989; King et al, 1994; Ritala et al,

1994; Somers et al., 1992; Vasil et al, 1994. The biolistic

This application is a regular National application claim- process has since proven to be the best available system for

ing priority from Provisional Application, U.S. application transforming monocots, Batty and Evans, 1992.
Ser. No. 60/048,678 filed Jun. 6, 1997. The entire disclosure „

&
. c . . ,

of this Provisional Application is incorporated herein by 10
Regeneration of maize involves the use ofjuvenile tissues

reference by employing explants or tissues derived from seeds either

pre- or post-germination. Successes have been limited to the

BACKGROUND OF THE INVENTION use of embryogenic calli maintained in suspension cell

Introduction culture (e.g. BMS and other elite inbred lines) initiated from
Recent advances in genetic engineering have given new 1S immature embryos, and whole immature embryos as targets

impetus to crop improvement. Major breakthroughs have for developing biolistics-based transformation systems for

been achieved via development of genetic transformation maize> Qordon-Kamm et al., 1990; Fromm et al, 1990;
techniques that facilitate introduction of heritable material

Wahe[s e , a , 1QQ2 ^ et a , 1995 ^ tissues
such as deoxyribonucleic acid (DNA) into living organisms.

, ., . . t^„ t » f\ -
, r„ .. .

J
r ... v

u- u i i
would be capable oi accepting foreign DNA at high fre-

Genetic transformation is a process which simply involves .

r „ r -\ n-

the uptake of foreign DNA by somatic cells of an organism.
20 quencies and regenerating plants (hopefully transgenic) effi-

It is an unique mechanism by which foreign DNA of any ciently.

origin (bacterial, animal, plant . . . ) is stably incorporated Optimization must be conducted for each explant/tissue

into the host genome. As a result, the introduced DNA type and is usually based on the transient expression of the
becomes a part of the parent genome inflicting a permanent introduced genes. Transient expression refers to the expres-
genetic change and can be inherited by the subsequent ^

sion of gene sequences that may or may not be integrated
progeny, Chibbar and Kartha, 1994. Such human-engineered . , , . , , . , a , . cr &

. , , . i iv i c into the host genome and are usually conducted alter a brief
organisms harboring additional genetic information are ,,„_-, v , , _
called "transgenic organisms", be they plants or animals, <42~72 h> post-bombardment period. Transient expression

Dekeyser et al 1990 frequencies provide rapid and useful information as to

Plant transformation techniques involving different sys- 30 whether foreign DNA was introduced or not. In addition,

terns of gene transfer have been a boon to plant breeders to correlations can be made to stable transformation frequen-

introduce variability at the molecular level, Cocking and cies. Researchers estimate the stable transformation fre-

Davey, 1987, and thereby increase genetic diversity, Barton quency to be from less than 1% up to 5% of the transient

and Brill, 1983. It has helped in the creation of genotypes expression frequencies, Finer and McMullen, 1990; Klein et

with novel traits. The recently released, extended shelf-life
35 al

;

1988b xhuS; transient expression has proven to be a very
Flavr-Savr™ tomatoes, Redenbaugh et al., 1992 transgenic ugeM indicator of DNA deliv and is routinel used m
Bt-cotton containing resistance to the cotton boll worm, . .. .. .. .. .... . , . ...
n , , , , , nriri j _ ,u u „ i u investigating the optimum conditions required to deliver
Perlak et al., 1990, and many other such examples, have . f.„ ... ...,..„
helped mankind save on costs due to fruit rot and insect

mt0 dlfferent explant/tissue types via biolistics. For

control, to name a few. Therefor, transgenic plants could many croP species, optimization of bombardment (DNA
potentially provide an economic edge over conventionally

40 delivery) is conducted by measuring the transient expression

bred crop species in terms of being environmentally friendly, of the reporter gene, ^-glucuronidase (GUS), by a his-

in reducing the risks from using hazardous pesticides and tochemical assay, 48-72 h post-bombardment, Jefferson et

herbicides, in addition to bolstering yields either directly or al., 1987.
indirectly, Gasser and Fraley, 1992.

It is evident that development of regeneration protocols
Although more is known about its genetics than many 45 . 5 . ° r

..
&

, , , ,. a. . . lor various target tissues and optimization of critical biolistic
other crops, and despite extensive breeding efforts, maize .

{lea mays L., Poaceae) as a crop, still requires continual
parameters utilizing these tissues assume great importance

genetic improvement. Examples include developing resis-
ln developing a biolistics-based transformation system for

tance (or tolerance) to diseases, pests, and herbicides, and maize,

improving the protein quality, all of which contribute to 50 Literature Review

increased net economic gain. Great emphasis has been Maize Tissue Culture
placed on maize breeding for crop improvement, Chassan, , , . , , . , . .. . r .. .

inm i . . , 1 u -j Maize has been regenerated in vitro by following difterent
1992, due to its extreme value as a cereal crop worldwide. .

&
. _ ... .

In fact, it ranks as the world's third largest crop, trailing only
svstems °f regeneration. These include regeneration via

behind wheat and rice, Langer and Hill, 1991. In the United „ somatlc embryogenesis and organogenesis with both utiliz-

States, it is the leading cereal (grain) crop and in 1995, ing adventitious (including de novo) regeneration protocols,

3,351,762 metric tonnes were produced on 26,314 hectares Vasil, 1986.

and was valued at greater than $23 billion, U.S., U.S. Maize Regeneration from Different Explant Sources

Department of Agriculture-National Agricultural Statistics Irnmature Zygotic Embryos as Explants for Callus Cultures
Service, 1995-96. Due to the importance of maize in the .

,

U.S. and worldwide, many maize improvement programs 60 The successful induction of somatic embryogenesis,

are currently utilizing genetic engineering protocols to
maturation and germination of embryoids into plantlets are

complement/enhance classical breeding efforts which are dependent on a number of variables. They include:

limited to working with genes (traits) already present in the genotype, age of the extracted immature zygotic embryos

maize germplasm. (days post-pollination; dpp), sucrose concentration in the

The biolistic system has certain unique advantages over 65 media, the plant growth regulators (PGRs) utilized along

other gene transfer systems. It is very simple to operate and with other media additives and associated culture condi-

has universal applications because it can be used for gene tions. Table 1 lists the genotypes successful in plant regen-
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eration utilizing immature zygotic embryos as explants.

Regeneration was a result of scutellar tissue proliferation

which lead to the formation of embryogenic callus from
which mature bipolar somatic embryos emerged and

subsequently, regenerated into whole plantlets.

picloram, 150 mg/1 L-asparagine incubated under continu-

ous light conditions at 28° C. Shoot differentiation occurred

on a MS-based medium containing 25% (w/v) sucrose and

10 mg/1 kinetin under increased light intensity (10,000 lux).

TABLE 1

Plant regeneration via somatic embryogenesis from the scutellum of

immature zygotic embryos.

Plant Growth Regulators (PGRs)

Genotype/ Maturation Gemination

Cultivar Induction Medium Medium Medium Reference

A188
A188 X R-njR-nj

B73
Silver Queen

Asgrow Rxll2

Coker 16

Coker 22

Dekalb XL80
Dekalb XL82
Florida Stay Sweet

Furtk G4864
Furtk G4507A
Pioneer 3030

Pioneer 3320

Silver Queen

Dekalb XL 82

A188

Mol7
Pa91

R99
A188
H-fl2

H-113

V444
W64An .

A188
A658
B79

H60
H97
H99
L317

Oh7
Pa91

R806
Wf9
W64A
A634 X A188
A632 X A188
B73 X A188
B14 X A188
B68 XA188
CM105 X A188

"^0202

2,4-Dz : 2.0 mg/1

2,4-D: 0.5 mg/1

2,4-D: 0.5 mg/1

2,4-D: 0.25-1.0 mg/1

2,4-D: 0.25 mg/1 PGR-free

PGR-free y

PGR-free

PGR-free

PGR-free

GA3
* : 10 ma1

PGR-free

Green & Phillips,

1975

Lowe et al. 1985

Lu et al. 1982

Lu et al. 1983

2,4-D: 0.5-1.0 mg/1

2,4-D: 1.0 mg/1

L-proline: 690 mg/1

2,4-D: 1.0 mg/1

L-proline: 1.38 mg/1

2,4-D: 1.0 mg/1

2,4-D: 1.0 mg/1

2,4-D: 1.0 mg/1

2,4-D: 0.5 mg/1

PGR-free

BAPW : 3.5 mg/1

AgNo 3
': 34 mg/1

PGR-free

ABAS
: 0.02 mg/1 Vasil et al. 1985

PGR-free Armstrong ^ Green.

1985

PGR-free Duncan & Widholm,

1988

NAAV : 1.0 mg/1 Torne et al. 1984

& 2iP
u

: 0.05 mg/1

PGR-free Duncan et al. 19X5

PGR-free

PGR-free

PGR-free

PGR-free

Duncan et al. 1985

Hodges et al. 1986

z
Gibberellic acid

yPlant growth regulator-free
x
2,4-dichlorophenoxyacetic acid
w6-benzylaminopurine
v
a-naphthaleneacetic acid

u
6-(Y,Y-dimethyl allylamino)-purine

T
silver nitrate
s
Abscissic acid

Seedling Nodal Tissues as Explants

Seedling nodal tissues from inbred B73 were excised

from dark-grown, 3-4 day old germinated seedlings

(obtained from mature seeds) and used to initiate organo-

genic callus cultures, Lowe et al., 1985. Nodal tissues were 65

placed on a MS-based medium, Murashige and Skoog,

1962, containing 2% (w/v) sucrose, 0.5 mg/1 2,4-D, 3.0 mg/1
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The shoots were transferred to a MS-based medium with 2%
(w/v) sucrose and 0.1% (w/v) charcoal for rooting, Lowe et

al., 1985.

TABLE 2

Plant regeneration via somatic embryogenesis from other tissues

established from immature zygotic embryos

Plant Growth Regulators (PGRs]

Explant Genotype/ Induction Maturation Germination

Type Cultivar Medium Medium Medium Reference

Mesocotyl Homozygous ft2 2,4-D: NAA: 1.0 mg/1 PGR-free Torne et al.,

1.0 mg 1 & 2iP: 0.05 mg/1 1980

Nodal Asgrow Rxll2 2,4-D: 2,4-D & BAP or PGR-free Vasil et al.

Region Coker 16 0.25-1 Kinetin: 0.1 mg 1 1983

Coker 22 mg/1

Dekalb XL80
Dekalb XL82
Florida Stay Sweet

Funks G4507A
Pioneer 3030

Pioneer 3320

Silver Queen

Protoplasts B73 2,4-D: 2,4-D: 0.25 mg/1 PGR-free Shillito et al.,

11.5 mg 1 Kinetin: I.-' mg/1 1989

A188 and B73 2,4-D: PGR-free PGR-free Rhodes et al.

1.0 mg 1 1988

Shoot Tip Apices as Explants

Raman et al., 1980, established shoot tip cultures as a

method of maize propagation for eight genotypes (Table 3).

Stem segment explants, which consisted of the shoot apical

meristem plus a few axillary bud primordia were excised

from the scutellar region of 20 day old seedlings obtained

from greenhouse grown maize. Those explants were used to

enhance axillary bud proliferation (perhaps adventitious in

nature) and developed maximum numbers of shoots when
placed on a MS-based medium, Murashige and Skoog,

1962, containing 3% (w/v) sucrose, adenine sulfate dihy-

drate (120 mg/1), kinetine (3.0 mg/1) plus IAA or IBA (1.0

mg/1). It was determined that cytokinins alone did not

stimulate axillary bud break/proliferation. NAA (5.0 mg/1)

added to the basal medium (minus other PGRs) stimulated

rooting of the excised shoots. In addition to genotypic

differences in regeneration capacity, phenotypic abnormali-

ties were noted in regenerated plantlets from all genotypes,

Raman et al, 1990.

Somatic embryos and adventitious shoots were regener-

ated from shoot tips of maize seedlings and precociously

germinated immature zygotic embryos from 18 genotypes,

Zhong et al., 1992; Table 3. Mature seeds or immature

zygotic embryos (10-15 dpp) were placed on numerous
media in a step-wise manner, first on a MS-based, Murash-

ige and Skoog, 1962, medium (A) containing sucrose

(concentration not mentioned) and 500 mg/1 of casein

hydrolysate (CH) to achieve germination. After 7 days, the

shoot tip explants were excised and placed on medium A
plus 2.0 mg/1 BAP for four weeks, then transferred to A
containing 0.5 mg/1 2,4-D plus 2.0 mg/1 BAP for four weeks
to form adventitious shoots. For somatic embryo production,

the cultures would then be transferred to A containing 0.5

mg/1 BAP. Further organogenic shoot development also

occurred on this same medium with rooting accomplished

onA containing 0.87 mg/1 IBA, Zhong et al., 1992. Explants

from immature tassels and immature ears obtained from

greenhouse-grown sweet corn hybrid Honey N Pearl plants

could also initiate shoots on various media. Clumps of

multiple shoots were regenerated from immature ears within

four weeks when cultured on medium A supplemented with

2.0 mg/1 BAP, and shoots formed on immature tassel

explants when cultured on A containing 0.1 mg/1 2,4-D plus

1.0 mg/1 BAP, Zhong et al, 1992.

TABLE 3

30 Plant regeneration from tissues established from shoot tip apices of maize.

Explant Genotype/Cultivar Reference

Stem segments from the Oh. 43 Raman et al., 1980

scutellar region Seneca 60

Stewarts 2501
35

Univ. of W. Ontario

accessions

1928

13037

13534

W23
40 W 64A

Shoot apices Honey N Pearl Zhong et al., 1992

Michigan genotypes

420

466

45 509

579

582

5922

Illinois genotypes

B73

FR 634

FR 632

PRM 017

M79
PA 91

55 VA22
Minnesota genotype

A188
Shoot apices W23 Irish & Nelson, 1988

B73

60

Biolistics: History and Development

Introduction of micro-projectiles into tissues at high

velocities were first used by plant virologists to mechani-

cally infect plant cells with naked non-infectious viral

65 nucleic acids, as an alternative to spraying the inoculum.

These micro-projectiles wounded the plant cells and pro-

vided an entry for the viral nucleic acids which then could
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cause infection, MacKenzie et al., 1966. However, the credit

for development of high-velocity micro-projectiles for

genetic engineering purposes goes to Drs. J. C. Sanford, T.

M. Klein, E. D. Wolf and N. Allen at Cornell University.

They developed a number of devices that propelled DNA-
coated tungsten micro-projectiles at high velocities into

tissues which allowed DNA delivery into plant cells sur-

passing the cell wall, the primary barrier to DNA introduc-

tion. Their systems accelerated micro-projectiles via the

following gas discharge, transferred mechanical impulse,

macro-projectile plus stopping plate, and centripetal

acceleration, Sanford et al., 1987.

The macro-projectile-based system was most promising

as it allowed the delivery of micro-projectiles into smaller

cell sizes and did not have any detrimental impact on the

target cells, Sanford, 1988. The device used a gunpowder
charge to accelerate a macro-projectile which carried DNA
coated micro-projectiles through a barrel towards a stopping

plate. On providing the charge under partial vacuum, the

micro-projectiles continued their acceleration into target

plant tissues placed in their path. This gunpowder-based

acceleration device was called the 'particle gun', Klein et al.,

1987; Sanford et al., 1987. The inventors patented a modi-

fied version of the particle gun, called a 'biolistic apparatus',

Sanford et al., 1989, and the bombardment procedure was
referred to as the 'biolistic process', Sanford, 1988. Follow-

ing their invention, several independent research groups

constructed various DNA delivery systems such as the

particle inflow gun (PIG; Vain et al., 1993), modified particle

inflow gun, Gray et al., 1994, Accell™ technology, McCabe
and Christou, 1993, micro-targeting device, Sautter et al.,

1991, and the simple particle bombardment device, Brown
et al., 1994.

The era of biolistics as a tool for gene transfer was
initiated when Klein et al., 1987, demonstrated the delivery

of nucleic acids (both RNA and DNA) into living, intact

Allium cepa L. (onion) cells. Tungsten micro-projectiles (4.0

/um diameter) carrying TMV RNA were "shot" into onion

epidermal cells at very high velocities, the first such report

for plants, Klein et al., 1987. After bombardment, onion

epidermal cells remained viable and those punctured by
micro-projectiles coated with TMV RNA produced crystal-

line inclusions, an indication of the viral nucleic acid expres-

sion. Approximately 30-40% of the bombarded onion cells

expressed the viral RNA. Onion epidermal tissues were also

bombarded with tungsten micro-projectiles (4.0 fan) coated

with plasmid DNA encoding CAT, Klein et al., 1987. The
CAT coding sequence contained the first intron of Adhl at its

N-terminus flanked by CaMV 35S promoter and nos 3'

sequence. Three days post-bombardment, transient expres-

sion of CAT was demonstrated by using a radioactive

precursor with products detected via thin layer

chromatography, Klein, et al., 1987.

Sanford et al., 1987, proposed that the use of high velocity

micro-projectiles would overcome problems associated with

DNA delivery via protoplast-based methods like electropo-

ration. Sanford, 1988, also opined that the biolistic process

was an ideal gene delivery system, because DNA delivery

was simple and rapid. It allowed transformation of numer-

ous competent cells and tissues of size as small as 5.0 pan in

diameter (plant/microbial cells, organelles) with the same
basic protocol, irrespective of their shape and cell

environment, Sanford et al., 1993. The DNA-coated micro-

projectiles dispersed/scattered at random toward the targeted

explant/tissues at very high pressures. A lack of uniformity

in DNA delivery was inherent with the system. However,

DNA delivery with very minimal damage to the target tissue

was obtained. The biolistic process was then upgraded by
making changes to the macro-projectile and stopping plate

of the particle gun, Klein et al., 1987. These changes were

incorporated into the gunpowder-based particle delivery
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system, PDS-1000 (licensed from DuPont with distribution

via Bio-Rad), and the most recent helium-driven PDS-1000/
He®, Sanford et al., 1989. The gunpowder-based particle

gun used nail gun cartridges as the power source, however
they were dangerous and left residues from gas and debris

within the device. The upgraded helium-driven apparatus

was safer and cleaner to use, Sanford et al., 1993.

PDS-1000/He® System for DNA Delivery

The PDS-1000/He® system is the only commercially

available particle bombardment device (FIG. 1; Kikkert,

1993). The PDS-1000/He® contained a small, high pressure

chamber with a gas acceleration tube that could be blocked

by disks that ruptured at pre-set helium gas pressures. Once
the pre-set pressure was reached, the helium would quickly

enter the target chamber that was maintained under vacuum.
The target chamber contained a micro-projectile (micro-

carrier) launch assembly, which housed the macro-projectile

and a stopping screen just beneath it. The helium pressure

pushed the macro-projectile (macro-carrier) onto the stop-

ping screen and the exerted force propelled the DNA-coated
micro-projectiles off the macro-projectile and onto the target

tissues.

During operation of the PDS-1000/He®, in addition to

alterations in helium pressure (450-2200 psi), other vari-

ables requiring optimization included the gap distance

(0.32-1.0 cm; distance between rupture disk retaining cap

and launch assembly) and target distance (3-12 cm; distance

from stopping screen to target tissues). Higher helium pres-

sures did not necessarily result in higher transformation

rates, Sanford et al. 1993. Aside from altering helium

pressures under vacuum, the macro-projectile and micro-

projectile velocities could also be altered by changing the

gap and target distances. In addition, greater distances

resulted in the micro-projectiles being scattered over a wider

area of the target tissues.

Prior to loading samples onto the macro-projectiles and

PDS-1000/He® operation, micro-projectiles of different

type and size (gold: 0.6-1 .6 /um; tungsten: 0.4-1.7 /um) could

be mixed with the chosen DNA (=one plasmid type). The
amounts of micro-projectiles and DNAused per shot and the

number of shots per tissue could also be varied. Although the

system was flexible in that many parameters could be varied,

each needed to be optimized (in combination with other

parameters) for each explant/tissue type to obtain the great-

est transient and stable transformation frequencies, Klein et

al., 1988c.

Genes for Introduction into Monocots

The vectors or gene constructs used for biolistic experi-

ments should encode appropriate reporter and selectable

marker genes capable of expression either constitutively or

in specific cell types. Gene constructs used for monocots
usually contained monocot promoters and also a monocot
intron fused to the N-terminal region of the coding

sequences. Monocot introns have been demonstrated to

significantly enhance gene expression in monocots, Callas et

al., 1987; Vasil et al., 1989; McElroy et al, 1990; Last et al,

1991; Mass et al., 1991 and Donath et al., 1995. Klein et al,

1988a, detected high CAT activity in BMS cells bombarded
with pCaMVIjCN harbored the first intron of the Adhl fused

to the N-terminal region of CAT controlled by CaMV 35S
promoter and nos 3' sequences. Decreased levels of CAT
expression were noted when BMS cells were bombarded
with pCaMVCN, an identical CAT-based construct except it

lacked Adhl intron, Klein et al., 1988a. A construct with the

first intron of Adhl fused to the N-terminal region of GUS
controlled by the Adhl promoter with nos 3' sequences was
demonstrated to enhance GUS expression in suspension

cultures of A188xB73 and B73xA188, Fromm et al, 1990.

Higher transient expression rates were noted in suspen-

sion cells ot Panicum maximum (guineagrass) cv. Pm86,
maize (cv. Zm85), Pennisetum purpureum (napiergrass) cv.
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Pp90, Pennisetum glaucum (pearl millet) cv. Pg86, Saccha-
rum officinarum (sugarcane) cv. Sc84, wheat cvs. Ta87,

TA89, and TA90, and immature embryos of pearl millet

following bombardment via the gunpowder-based PDS-
1000 when plasmid pAHC25 was utilized versus
pBARGUS, Taylor et al., 1993.

Plasmid pAHC25 contained GUS and bar coding
sequences driven by maize ubiquitin (Ubil) promoters and
nos 3' with the first intron of Ubil fused to N-terminal

regions of GUS and bar. Plasmid pBARGUS contained GUS
and bar and coding sequences with Adhl intron 1 fused to

each N-terminal region. Flanking regions included Adhl
promoter (GUS), CaMV 35S (bar) and nos 3'. Similar results

were obtained in comparisons utilizing three week old

embryogenic callus cultures of wheat cvs. Bob White, Pavon
and RH770019 following particle bombardment DuPont
PDS-1000 or PDS-1000/He®, Vasil et al, 1993.

Superiority of GUS expression in transgenic tissues con-

taining pAHC25 was attributed to the ubiquitin promoter

which was constitutively expressed irrespective of the tissue

type; while GUS in pBARGUS controlled by the Adhl
promoter was demonstrated to be developmentally

regulated, organ specific and up-regulated under anaerobic

conditions, Taylor et al., 1993. Ubiquitin-based plasmids

were therefor considered superior to the Adhl-based
plasmids, Taylor et al., 1993; Vasil et al., 1993. However,

studies using Sorghum vulgare L., cv. Grazer suspension

cultures bombarded with plasmids containing NPTII, hph,

and GUS genes driven by the Adhl promoter determined that

the monocot promoter yielded higher transient GUS expres-

sion levels compared to those genes driven by CaMV 35S
promoter, Mendel et al., 1989.

Suspension cultures derived from immature zygotic

embryos of barley, winter type cv. Borwina bombarded with

NPTII- and GUS-containing plasmids revealed that plasmid

size was also a critical factor to be considered, Hagio et al.,

1991. Bombardment with a smaller plasmid (5.1 kilo bases;

kb) yielded more stable transformants versus larger ones

(12.8 kb and 14.2 kb). However, the amounts of plasmid

DNA delivered per shot were not equal with respect to all

three plasmids, Hagio et al., 1991.

Transient Expression Quantified by GUS Assays

As mentioned previously, the target explants/tissues were

usually bombarded with a reporter gene to measure its

expression visually, an easy technique to confirm delivery of

the foreign DNA. Initial biolistic experiments conducted by

researchers utilized the p-glucuronidase (GUS) gene as a

'reporter' of successful DNA delivery and its gene product

was assayed histochemically as 'blue' cells, Wang et al.,

1988; Klein et al., 1988c. This proved to be a convenient

measure to optimize the gene transfer efficiency in rice,

wheat and Glycine max (soybean; Wang et al., 1988. The
GUS 'blue cell' assay was also successfully used to detect

foreign DNA in bombarded tobacco suspension cultures

from line XD, Klein et al., 1988b. In deciphering the factors

or parameters that influenced gene delivery into BMS sus-

pension cultures via transient expression, Klein and

coworkers, 1988c, used GUS to monitor DNA introduction

via transient expression assays. The plasmid pAIj-GusN
contained the Adhl promoter, the first intron of Adhl fused

to the 5' end of the GUS coding region and nos 3'. From
1988, the GUS assay formed an integral part of many
biolistic experiments in order to optimize the biolistic

parameters based on transient expression, to achieve high

transformation efficiencies, Klein et al., 1988c.

The expression of GUS was detected histochemically

when the bombarded cells were incubated in the presence of

a synthetic substrate, 5-bromo-4-chloro-3-indoyl-f5-D-

glucuronic acid (X-glu). The cells turned blue only when the

substrate was cleaved by (3 -glucuronidase enzymatically,

thus confirming the introduction and expression of the GUS
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gene. The blue color was due to the formation of a precipi-

tate which could be visualized, Jefferson et al., 1987. Some
researchers have also used luciferase or anthocyanin genes

as reporter genes, King and Kasha, 1994; Golf et al., 1990;

Fromm et al., 1990.

In U.S. Pat. No. 5,320,961, Zhong, et al, a method for

asexually propagating maize to produce a fertile corn plant

is described, in which shoot tip apices isolated from either

caryopses or kernels are employed. The explant relied on by

Zhong consists of five mm sections of the localized enlarge-

ment of the seedling at the junction of the mesocotyl and the

leave sheath. The explant described essentially contains the

shoot tip, three to five leave primordia and a portion of

young leave and stem immediately below the leave primor-

dia. This indicates that the explant employed by Zhong is

green (because the seedling is one week old, the localized

enlargement would be dark green which gives an indication

of its advanced developmental stage; this is a characteristic

feature of reduced cell division combined with enhanced cell

elongation).

Zhong does not describe the transformation of maize

tissue by the introduction of exogenous DNA. To ensure

active uptake of exogenous DNA, it is important that the

target tissue be in an early developmental stage, such that the

tissue is comprised of cells that are in a state of cell division

and not cell elongation.

Zhong et al. employ mature seeds or precociously germi-

nated immature zygotic embryos (10-15 days post-

pollination) placed in numerous media in a step-wise

manner, first on a MS-based medium containing sucrose and

casein hydrolysate to achieve germination, followed by the

medium further containing 2.0 mg/1 6-benzylaminopurine

(BAP). The Zhong process is plant growth regulator (PGR)
dependent, and takes about 17-19 weeks to obtain plantlets.

Accordingly, it remains an object of those of skill in the

art to provide a method to asexually regenerate maize, and

to couple such a regeneration process with a transformation

process to introduce exogenous, desirable DNA, which is

preferably genotype-independent, and generally applicable

to a wide variety of commercially important crops.

Accordingly, the regeneration protocol must rely on tissue

actively in the state of cell division.

SUMMARY OF THE INVENTION
Regeneration and Transformation of Corn

The corn transformation procedure of this invention inte-

grates a corn multiple shoot induction protocol with nodal

sections as explants. Those explants are also used as targets

in a biolistics-based transformation system.

Surface Sterilization and Germination of Maize Seeds

Corn seeds are surface sterilized in a solution containing

20% (v/v) commercial bleach and 0.5% SDS for 15 min.

under continuous shaking, then serially rinsed in sterile

double-distilled water (sddw) four to five times. Liquid

MS-based germination medium (CSG) containing MS salts,

sucrose (30 g/1), DM-vitamins (1.0 mg/1 thiamine-HCl, 0.5

mg/1 nicotinic acid, 0.5 mg/1 pyridoxine-HCl and 100 mg/1

myo-inositol) and BAP (2.0 mg/1) at pH 5.8 is dispensed per

Magenta™ box (45 ml) containing eight layers of cheese

cloth, then autoclaved. Seeds are placed in CSG (25 seeds of

any genotype per box) and cultured for three days (16 h of

continuous light; 25° C.) for germination. Nodal section

explants (one per seedling) are excised from three day-old

seedlings. The nodal section appears as a clear demarcation

on the germinating seedling and represents the seventh node.

Cuts are made just above and below the node resulting in a

1.2—1.5 mm length cross-section.

Multiple Shoot Induction

Nodal section explants are placed on corn shoot induction

medium [CSI; MS salts, sucrose and DM-vitamins same as

above, BAP (2.0 mg/1; filter-sterile, incorporated post-
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autoclaving), CPA (0.25 mg/1; filter-sterile, incorporated

post-autoclaving), glycine (10 mg/1) and asparagine (150

mg/1) and phytagar (8 g/1) at pH 5.8], acropetal end up, and
placed under the culture conditions previously mentioned.

Tissues are subcultured every two weeks onto fresh CSI
medium for multiple shoot formation. Adventitious shoots

are separated from the shoot clumps after eight weeks and
elongated on semi-solid MS-based medium containing

sucrose, DM-vitamins, glycine (10 mg/1) and asparagine

(150 mg/1) at pH 5.8 for three weeks (FIG. IE). The plantlets

are rooted on the same medium but which also contains

indole 3-butyric acid (IBA) (0.5 mg/1). Rooted plantlets can
be grown in PGR-free liquid MS in test tubes (150x25 mm)
containing cheesecloth as the anchor material to achieve

faster growth. Regenerated plantlets are transplanted to

potting media, acclimatized, and then grown to maturity in

the greenhouse.

Preparation of Tungsten Microprojectiles

Approximately 60 mg of tungsten microprojectiles [M-25

(1.6 fan)] is weighed and placed in a 1.5 ml microcentrifuge

tube with 1.0 ml 100% ethanol, then vortexed vigorously for

3 min. The mixture is microcentrifuged for one min., the

supernatant discarded and the ethanol wash procedure is

repeated twice. The microprojectiles are then resuspended in

1 ml 100% ethanol and placed at room temperature over-

night. The following day, the mixture is microcentrifuged

for 1 min. The supernatant is removed and the microprojec-

tiles are washed in 1.0 ml sddw and microcentrifuged for 1

min. The supernatant is discarded and the microprojectiles

are then resuspended in 1.0 ml sterile 50% (v/v) glycerol

yielding a 60 mg/ml stock that can be stored frozen (-20° C.)

before use.

Sterilization of Macrocarriers and Rupture Disks

Macrocarriers and rupture disks (650 psi) are sterilized for

15 min in 100% ethanol and dried in the laminar air flow

hood and the gene gun parts are sterilized overnight in 70%
ethanol. The gene gun is disinfected via a thorough spray of

reagent alcohol.

DNA Precipitation onto Tungsten Microprojectiles

On ice, approximately 5 pi (1.0 pglpl) nuclear transfor-

mation vector pAHC25 DNA is added to 60 pi tungsten

microprojectiles in a Treff tube. The following are then

added: 10 pi isopropanol (2xvol of DNA), 50 pi 2.5M CaCl2
and 20 pi 0.1M spermidine and vortexed for three min. The
mix is incubated on ice for three min. then the vortex and

incubation steps are repeated. The mixture is then micro-

centrifuged and the supernatant discarded. The microprojec-

tiles are washed once in 250 pi 70% ethanol and microcen-

trifuged for one min. The supernatant is discarded and the

microprojectiles are resuspended in 60 pi 100% ethanol and

vortexed briefly. The DNA loaded microprojectiles can also

be maintained frozen pending use.

Approximately 12 pi of the DNA-coated microprojectiles

are loaded onto each macrocarrier which delivers 1.0 pg
DNA and 720 pg of tungsten per shot. The above mixture is

good for five shots.

Bombardment of Nodal Sections

On the day of bombardment, nodal sections are excised

and placed, acropetal end up, in the central 2.5 cm area of

a petri dish (40 per dish) containing CSI medium devoid of

amino acids.

Bombardment Conditions

The following conditions are used to bombard corn nodal

section explants: 650 psi helium pressure, gap distance (1.0

cm), and target distance (7.5 cm), with two bombardments
per plate using the PDS-1000/He device (Bio-Rad).

Selection of Transgenic Tissues Post-Bombardment

The nodal sections are separated and spread out on CSI
medium maintaining polarity and placed in the dark for two
days post-bombardment. Histochemical staining for

(3 -glucuronidase expression was conducted three days post-
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bombardment (FIG. 1C). Explants are then placed on CSI
medium devoid of amino acids but contains the selective

agent, phosphinothricin at 2.0 mg/1. The regeneration pro-

tocol described above is followed to select for green shoots

and rooted in the presence of phosphinothricin. Transgenics

are confirmed via PCR analysis with appropriate primers

specific for the bar and (3-glucuronidase sequences.

As will be noted above, and as explained in more detail

below, a major difference between the invention addressed

herein and that of Zhong is the use of nodal explants excised

from 3-5 day old germinated corn seedlings. The nodal

section is excised from the area starting at the point of clear

demarcation of the node on the seedling and below. Thus,

the explant employed is in an early developmental stage,

indicating that the tissue (at least 50%) is comprised of cells

that are surely in a state of cell division and cell elongation

(Kiesselbach, Research Bulletin 161, University of

Nebraska (1980)).

Further, in contrast to the regeneration process described

in Zhong, plantlets are obtained about 5 weeks earlier, that

is, in 12-14 weeks, using a single medium. The medium
used to germinate mature seeds is plate growth regulator

free.

DETAILED DESCRIPTION OF THE
INVENTION

This invention resides in the discovery that novel explant

sources, nodal sections excised from germinated embryos
and germinated mature seeds, principally characterized by
being comprised of cells in a state of cell division, and

approximately 3-5 days old can be used to promote regen-

eration of fertile plants. Simultaneously, the invention herein

resides in the development of a process for biolistic trans-

formation which is independent of explant source and geno-

type. To demonstrate the universal suitability of the biolistic

transformation protocol that is one aspect of the invention

herein, not only nodal explants of the invention herein, but

two other target tissues, including immature zygotic

embryos (approximately 13-15 days post pollination or

DPP) and mature zygotic embryos were selected as target

tissues for biolistic exogenous DNA bombardment. The
regeneration of zygotic embryos, and their isolation, per se,

as target tissues for transformation, does not constitute an

aspect of this invention, and development of protocols to

optimize that regeneration are not discussed below. Prior art

protocols for these two previously explored target tissues

have been developed, and may be equally used. Accordingly,

the invention lies in the development of a protocol for

regeneration of maize using young nodal sections as

explants, coupled with universally applicable biolistic DNA
bombardment transformation protocol.

In the experiments described below, a wide variety of

parameters are explored, particularly with respect to trans-

formation processes. Many of these parameters are numeri-

cally expressed or quantified. Given the need to demonstrate

genotype and tissue independence, only so many numerical

values may be explored. Nonetheless, the numerical values

represent ranges judicially selected about the selected

parameters, which ranges appear in the claims appended to

this application. The examples provided are not intended to

be limiting, and the ranges recited are based on experimental

observation, coupled with prior experimentation in related

protocols and plants.

In the discussion set forth below, regeneration from nodal

sections is first discussed. Having established that nodal

explants from germinated embryos and germinated mature

seeds can be effectively regenerated into fertile plants, DNA
transformation techniques are then explored. In practice, the

nodal explant targets are selected, transformed, and

regenerated, to give new and improved maize genotype/

phenotype crops.
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Materials and Methods

All experiments were conducted in a sequential order, in

that the cell/tissue culture and regeneration protocols were
first developed followed by optimization of gene delivery

using the PDS-1000/He®. Tissue culture protocols were
established utilizing nodal sections each composed of

explants from two different developmental/physiological

stages. They included nodal sections excised from asepti-

cally germinated seedlings excised from mature seeds or

from germinated immature zygotic embryos.

Maize seeds of all genotypes were provided by Dr. W. P.

Williams (Supervisory Research Geneticist, USDA-ARS,
Starkville, Miss.). Seeds were field-planted and also grown
in greenhouses during the off-season to obtain explants

(immature zygotic embryos) for the experiments. Field/

greenhouse space and maize production assistance were
provided by Dr. W. P. Williams (USDA-ARS) and Dr. Brian

S. Baldwin (Assistant Professor, Department of Plant and
Soil Sciences, Mississippi State University). Twenty-one

different genotypes of maize including 16 grain hybrids, one

sweet corn hybrid and four inbreds were used for confirma-

tion of all developed protocols. Table 5 provides the list of

genotypes evaluated in optimization of regeneration and

used for optimization of gene delivery via PDS-1000 He®.

TABLE 5

Maize genotypes evaluated in culture.

Genotype Designation

Grain hybrids Agratech 810 A810
Agratech 888 F4 A888 F4
Asgrow Rx897 Arx897
Asgrow Rx899 ArxXOO

Cargill X9255 CarX9255

Cargill 8327 CarX327

Dekalb 649 DK649
Dekalb 683 UK!),S3

ICI 8281 ICIH2H1

Northrup King 7787 Nk77H7

Northrup King 8811 NkHHl 1

Pioneer 3085 P30X5

Pioneer 3145 P3145

Pioneer 3156 P3156

Pioneer 3167 P3167

TR 1185 TR 1 1 85

Sweet com hybrid Funks G90 Funks G90
Inbreds Mp708 Mp70H

Sc229-1 Sc229-1

Sc229-2 Sc229-2

Tx601 Tx()01

Va35 Va35
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Immature Ear Production in the Greenhouse

Greenhouse plantings were undertaken at two different

locations, at the USDA greenhouse (located near the Boll

Weevil Research Unit, Starkville, Miss.) and at the Plant

Science Research Center (PSRC), Mississippi Agricultural

and Forestry Experimental Station (MAFES) greenhouse

(North farm, Mississippi State, Miss.).

In the USDA greenhouse, the initial planting occurred in

early October 1995. Four maize seeds were planted per 9.45

liter plastic pot containing a potting mix with equal parts of

sand and Bacto potting media, then thinned to retain one

plant per pot. Two pots per genotype were maintained for all

21 genotypes. Subsequent plants (two plants per genotype)

were staggered for adequate pollen supply. The greenhouse

temperature was maintained between 23-31° C. Sodium
vapor lights in the greenhouse provided the light intensity

required for growth and development of maize. A 12 h
photoperiod was maintained until the plants tasseled and

produced ears. The plants were initially watered twice daily

then once per day, and fertilized two weeks post-emergence

and every four weeks after establishment with 14-14-14
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osmocote time-released fertilizer (2.0 g per application).

Insect-control sprays were undertaken on an as-needed basis

using Dipel for lepidopteran pests and Knox Out (Diazinon

aerosol) for aphid control.

In the MAFES-PSRC greenhouse, the plants for all 21

genotypes were initiated in late February 1996. The maize
seeds were planted in 7.56 liter plastic pots containing a

mixture of sand, potting soil and ERTH Food (ERTH Group
Inc., 1:1:1). The greenhouse temperature was maintained at

28±3° C. Four seeds per pot were initially planted and
thinned to one plant per pot, post-germination. Two plants

were maintained per genotype for all 21 genotypes. Subse-

quent plants (two plants per genotype) were staggered. No
external lighting was provided and watering was once per

day. The plants were first fertilized after emergence at the

3-4 leaf stage and every 15 days with 200 mg/1 of ammo-
nium nitrate until maturity and harvest.

Maize seeds in the USDA field trials (MAFES-PSRC,
North farm) were planted in April 1996 in rows of 406 cm.

Each hybrid/inbred was planted as a separate designated

row. Approximately 15 plants were maintained per row with

96.5 cm spacing between each row. The field was supplied

with a basal nitrogen dose of 110 kg/ha. Herbicides, Dual
(metolachlor) and atrazine at 2.5 kg/ha each were also

incorporated to achieve weed control. The field was irrigated

in furrows at weekly intervals only if rains were not

received. Another top dress of nitrogen (168 kg/ha) was
supplied 40 days post-planting. Linuron, a post emergence-

herbicide was applied 65 days after planting (1.7 kg/ha).

Hand-Pollination and Harvest

The plants were monitored closely for initiation of tassels

and silks. The ear shoots were covered with white paper bags

prior to silk emergence. When the tassels dehisced and

pollen and silks were receptive to pollen, tassels were
covered with brown paper bags and plants were self-

pollinated by following standard hand pollination proce-

dures. Hand pollination was done in the morning hours

between 8:30 to 11:30 a.m. to ensure good kernel set. The
tassels of a genotype were shaken completely within the

brown paper bag to facilitate the release of pollen. The
pollen in the bag was dropped onto the stigma (on one or two

silks) of the same genotype (white bag off), then covered

with the brown bag and stapled at the bottom carefully to

avoid any foreign pollen contamination. Ears were allowed

to develop within the brown paper bags following pollina-

tion (date noted on bag). The ears were allowed to develop

only for a restricted period of time following self-

pollination. Ears were harvested 12, 14 and 18 days post-

pollination (dpp). Immature cobs were either used to extract

embryos that were placed in culture immediately or stored in

a refrigerator at 4° C. for up to three weeks for further use

in experimentation.

Media Composition and Culture Conditions

The media composition and culture conditions varied

depending on the explant type and the regeneration type

desired. All media used in the experiments contained either

full strength MS, Murashige and Skoog, 1962, or N6 , Chu et

al., 1975, basal salts (4.3 g/1 or 4.0 g/1 respectively; Sigma),

DM-vitamins (1.0 mg/1 thiamine-HCl, 0.5 mg/1 nicotinic

acid, 0.5 mg/1 pyridoxine-HCl, and 100 mg/1 myo-inositol)

with varying sucrose concentrations but constant phytagar

concentration [0.8% (w/v); GibcoBRL]. Some media con-

tained filter-sterile amino acids L-proline (Sigma), glycine

(Sigma) and L-asparagine (Sigma) which were incorporated

into the medium after autoclaving. Stock solutions of

L-proline (700 mg/ml), glycine (10 mg/ml) and
L-asparagine (150 mg/ml) were prepared accordingly and

filter-sterilized with a 0.2 fim filter (Sterile Acrodisc®,

Gelman Sciences) and stored at 4° C. All media were
adjusted to the desired pH prior to autoclaving and the pH
of the media varied with regeneration type. All media were
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autoclaved for 35 min. at 121° C. and 100 kPa pressure.

Filter-sterile PGRs were incorporated into the media after

autoclaving. Each petri plate (100x20 mm, Nunc) contained

approximately 20 ml of medium. The stock solutions of

PGRs [2,4-D, BAP, zeatin, kinetin, 4-chlorophenoxyacetic 5

acid (CPA), and GA3 ] were prepared at 1.0 mg/ml, filter-

sterilized using a 0.2 fim filter and stored at 4° C. or -20° C.

Depending on the type of regeneration, the cultures were

either incubated in the dark at room temperature or in a

Percival growth chamber (model 135LLVL, Iowa) under 10

cool white fluorescent lights with a light intensity of 52

/iEm"2s
_1

, maintained at a 16 h photoperiod with 25/23° C.

(internal) day/night temperatures.

Experiments

Adventitious Shoot Organogenesis from Nodal Sections
1

Adventitious shoot regeneration in maize via proliferation

of the shoot apex has been achieved by Raman et al., 1980,

and Zhong et al, 1992. IAA or IBA (1.0 mg/1) plus kinetin

(3.0 mg/1) in a MS-based medium, Murashige and Skoog,
20

1962, induced adventitious shoot formation in eight

greenhouse-grown genotypes, Raman et al., 1980, but regen-

erated plants were associated with epigenetic variations.

Zhong et al, 1992, reported formation of multiple adventi-

tious shoots from 17 genotypes using shoot-tip apices from
25

maize seedlings, and precociously germinated immature

zygotic embryos on a multi-step MS-based medium con-

taining BAP (2.0 mg/1) as the initial medium.

Before establishing the adventitious regeneration

protocol, it is important to establish surface-sterilization and 30

germination protocols for mature seeds to obtain two dif-

ferent sources of young, healthy maize seedlings. Those

would be the donor sources for excision of juvenile nodal

sections (one section per seedling) that would serve as

explants for adventitious regeneration. Genotype- 35

independent adventitious regeneration protocols exhibiting

minimal phenotypic variation would be highly desirable to

use in combination with biolistic transformation protocols.

Use of nodal sections excised from immature or mature

seedlings as target tissues have not been reported previously. 40

Maturation and Germination of Immature Zygotic Embryos

Immature zygotic embryos from the maize genotypes,

Honey N Pearl and B30000 were matured on a MS-based
maturation medium containing 15% (w/v) sucrose, 0.5 mg/1

zeatin and 1.0 mg/1 IAA, Lowe et al, 1995. This maturation 45

protocol was changed with respect to the PGRs in the

medium and wanted to determine which of three high

sucrose concentrations enhanced the maturation process.

This study was initially conducted with four genotypes,

Dekalb 683, Pioneer 3085, Pioneer 3156 (commercial so

hybrids), Sc229-1 and Sc229-2 (inbreds). The maturation

medium tested was full strength MS-based and contained

DM-vitamins, and phytagar (8.0 g/1). Three different sucrose

concentrations, 12%, 15% and 17% (w/v) were incorporated

into this basal medium. All media were adjusted to a pH of
55

111x111
:

5.8 prior to autoclaving and autoclaved as previously noted.

The maturation media designations according to the sucrose

composition are given in Table 7. Filter-sterile kinetin (0.5

mg/1) was added to each medium before pouring to 100x20
mm petri plates following autoclaving. The experiment was
conducted in a completely randomized design, with each 60

petri plate containing 15 immature zygotic embryos (12-14

dpp) which formed an experimental unit, with three repli-

cates per treatment. The cultures were incubated in the dark

at room temperature for one week and later moved to the

growth chamber and placed under a 16 h photoperiod at 65

25/23° C. (internal) for one week, during which the coleop-

tiles emerged and the scutellar node was evident.

16

TABLE 7

MS-based media tested for maturation of immature zygotic

embryos (12—14 dpp)

Sucrose % Media Designation

12 Mi
15 M2

17 M3

Surface Sterilization of Mature Seeds

Approximately 30 seeds from each genotype were
surface-sterilized separately in a solution containing 20%
(w/v) commercial bleach and 0.5% SDS solution for 15 min.

in a sterile 250 ml conical flask. The seeds were shaken

vigorously every 5 min. to ensure complete soaking in the

bleach-SDS solution. After 15 min., the bleach-SDS solution

was drained off and the seeds were serially rinsed in sddw
four to five times. The same protocol was followed for

surface sterilization of mature seeds for all genotypes.

Surface disinfested seeds were placed onto plates (100x15

mm) containing MS-0 medium (PGR-free) to allow germi-

nation. The plates were placed under a 16 h photoperiod, in

the growth chamber 25/23° C. for five days.

Adventitious regeneration from the nodal sections of

young seedlings and germinated embryos was then

explored. Varying concentrations of 4-chlorophenoxyacetic

acid (CPA) or 2,4-D in combination with BAP in a full

strength MS-based medium were tested for adventitious

shoot initiation responses in preliminary experiments. The
nodal region of the seedlings from immature zygotic

embryos and mature seeds were utilized. The full-strength

MS-based media containing DM-vitamins, 10 mg/1 glycine,

150 mg/1 asparagine, sucrose (3%; w/v), phytagar (0.8%;

w/v), and 2.0 mg/1 BAP, with varying levels of CPA and

2,4-D are listed in Table 8. These media differed with respect

to their auxin concentration and amino acid composition

from that reported by Zhong et al., 192, for shoot-tip apices.

Each medium was adjusted to a pH of 5.8 prior to autoclav-

ing. Filter-sterile amino acids and PGRs were incorporated

into the media after autoclaving as described previously.

Five genotypes, Dekalb 683, Pioneer 3085, Pioneer 3156

(commercial hybrids), Sc229-1 and Sc229-2 (inbred lines)

were evaluated on the six different media.

Following maturation, immature zygotic embryos germi-

nated into seedlings on the maturation medium M2 , from
which approximately a 3.0^1.0 mm (length) and approxi-

mately 1.2-1.5 mm diameter section of the scutellar node

(that formed a characteristic ridge-like protrusion) was
excised.

TABLE 8

Media designations with auxin composition (plus BAP at 2.0 mg/1) used

for adventitious shoot development from nodal section explants.

Concentration (mg/1) Medium Designation

CPA 0.25 A
CPA 0.50 B
CPA 0.75 C
2,4-D 0.25 D
2,4-D 0.50 E
2,4-D 0.75 F

The scutellar node from aseptically germinated seedlings

(arose from mature seeds) also appeared as a prominent

ridge and was excised (2.5-3.0 mm in length; 1.5-2.0 mm
in diameter). Scutellar nodal sections from each source were
placed on the six media previously described. Five nodal

sections per plate constituted an experimental unit with three
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replicates per treatment. Four genotypes (commercial
hybrids: Dekalb 683, Pioneer 3085, Pioneer 3156 and
inbreds: Sc229-1 and Sc229-2) were initially tested with a

completely randomized experimental design. Observations

such as type and quality of shoots initiated were noted after

four weeks, and number of shoots formed per explant were
noted following eight weeks of culture, just prior to sepa-

ration of shoots for rooting. Following preliminary screen-

ing of the six media with five genotypes, the media were
narrowed down to two. Two media, A and D were utilized

to test the two nodal section types from all 22 genotypes.

Adventitious shoots that formed were separated and placed

on a full strength PGR-free MS-based medium containing

DM-vitamins, sucrose (3%; w/v), 10 mg/1 glycine, 150 mg/1

asparagine, phytagar (0.8%; w/v) for three weeks. (Filter-

sterile amino acids were incorporated into the medium after

autoclaving). The elongated shoots were separated and

placed on the same basal medium containing 0.5 mg/1 IBA
to achieve rooting. The rooted plants were placed in PGR-
free liquid MS in test tubes (100x25 mm) containing cheese-

cloth as anchor material to achieve faster growth. Three

regenerated plantlets from the five pre-screened genotypes

were transplanted to pots containing sterile soil mix and

acclimatized by potting them in plastic pots containing a

sterile potting soil mix, covered with a plastic bag and

placed in 6 Dorman Hall for growth at room temperature and

16 h photoperiod. The bag remained closed for seven days.

The humidity within the bag was then gradually reduced by
making holes in the bag over the next seven days, and

eventually the bag was removed. The hardened plants (4-6

leaf stage) were transplanted to 9.45 liter pots containing a

mixture of sand, potting soil and ERTH Food (1:1:1) and

grown in the MAFES-PSRC greenhouse.

Optimization of the Biolistic Parameters

The optimized precipitation and bombardment procedures

described below were determined by testing each variable

individually in preliminary experiments that utilized the four

genotypes used in all pre-screening: Dekalb 683, Pioneer

3085, Pioneer 3156, Sc229-1 and Sc229-2. Variables

included tungsten micro-projectile size and quantity deliv-

ered per shot, CaCl2 and DNA concentration, and helium

pressure and gap distance used for bombardment. Target

tissues used for bombardment purposes included nodal

sections [excised from 5 day old germinated embryos
(matured in vitro) and germinated mature seeds].

On the day of bombardment, the target tissues were

placed on their respective culture media in the central 2.5 cm
area of the petri plate. The tissues were not subjected to any

kind of pre-culture. Nodal sections derived from germinated

immature embryos or mature seeds (40 sections) were

placed at the center of the plate in the form of a circle with

a 2.5 cm diameter. Five replicate plates of each tissue type

per genotype were utilized, of which three replicates were
bombarded with pAHC25 DNA and two with pBI101.2

DNA (negative control). All plates were bombarded with a

pre-set target distance of 7.5 cm which was never altered.

Post-bombardment, all plates were wrapped with nesco-

film (Nescofilm Japan) and placed in the dark at room
temperature for three days, then assayed for GUS expres-

sion. All optimized variables were determined post-

bombardment via transient GUS expression assays, detected

histochemically (mean number of blue sectors per explant).

Once optimized, target tissues from each of the 21 genotypes

were tested via those optimized protocols and evaluated by
transient GUS histochemical assays.

The GUS assay has been an integral part of bombardment
experiments on maize and other plant species to evaluate

important biolistic parameters based on transient expression

of the GUS gene via histochemical assays, Wang et al.,

1988; Klein et al, 1988b. We analyzed DNA introduction

into target cell nuclei via GUS histochemical assays,
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Jefferson, 1987; Gallagher, 1992, conducted three days

post-bombardment for the four different target tissues to

evaluate optimal biolistic variables plus the pre-biolistic

DNA-micro-projectile precipitation procedure. Three bom-
barded target tissues per plate were selected at random and

incubated overnight in a 96-well enzyme linked immuno-
sorbant assay (ELISA) plate. The targeted tissues were
individually placed in the wells each containing approxi-

mately 350 fil of the following solution: 0.1 M sodium
phosphate, 10 mM EDTA, 0.5 mM potassium ferrocyanide,

0.5 mM potassium ferricyanide, 100 mM X-glu (5-bromo-
4-chloro-3-indoyl-P-D-glucuronic acid) and 0.1% (v/v) tri-

ton X-100. The tissues were observed for the expression of

GUS following overnight incubation at 37 C., Gallagher,

1992.

Plasmid Constructs Used for Bombardment
The plasmid pAHC25 (9.7 kbp; FIG. 2; Christensen and

Quail, 1996) was used as a source of foreign DNA. In

pAHC25, two marker genes, bar and GUS were each

controlled by the ubiquitin promoter (Ubil) and nos 3'

sequences. Each gene contained 5' untranslated sequences

[approximately 1.1 kilobase pair (kbp)] which included the

first exon and intron from Ubil. The transcriptional start site

(
+
1) was at the 5' end of Ubil exon 1 with the translational

start site situated at the beginning of GUS or bar coding

sequences (36 bp beyond 3' end of Ubil intron 1). The
selectable marker gene, bar confers resistance to phoshino-

thricin (PPT) sold commercially as Basta, Ignite and Bialo-

phos. The bar gene encodes the enzyme phosphinothricin

acetyltransferase, which detoxifies PPT and therefor, should

be useful to select the transgenic cells/tissues. The marker

gene GUS encodes ^-glucuronidase to aid in monitoring

DNA delivery into mai/.e tissues for determination of tran-

sient and stable expression frequencies. The plasmid

pBI101.2 (12.2 kpb; FIG. 3; Clontech) was used as a

negative control in bombardment experiments. Plasmid

pBI101.2 contained the NPTII coding sequence with the nos

promoter and 3' sequences, and the ^-glucuronidase coding

sequence plus nos 3' without a promoter.

Plasmid DNA Extraction and Purification

The two plasmids (pAHC25, pBI101.2) harbored in sepa-

rate Escherichia coli strains were selectively grown on Luria

broth agar medium [10 g/1 tryptone (Bacto), 5.0 g/1 yeast

extract, 5.0 g/1 sodium chloride, and 15 g/1 Bacto agar, pH
7.5, autoclaved for 35 min. at 121° C, 100 kPa] containing

100 /(g/ml ampicillin overnight at 37° C. A single colony

was inoculated into 500 ml Luria broth containing 100 ,Mg/ml

ampicillin and incubated at 37° C. overnight on a shaker

(175 revolutions per min.; rpm). The plasmid DNA was
extracted according to the protocol of He et al., 1990. The
bacterial culture was first cooled by placing on an ice-bath

for 10 min., then transferred into four 250 ml sterile centri-

fuge bottles and centrifuged at 7000 rpm for 10 min. at 4°

C. The supernatant was discarded and 16.7 ml of TELT [2.5

M lithium chloride, 62.5 mM EDTA, pH 8.0, 50 mM Tris

base, pH 8.0, 4% (v/v) triton X-100] was added to each

bottle. The bacterial cells were re-suspended again by vor-

texing. An equal volume of phenol: chloroform (1:1; v/v)

was added then briefly vortexed. Approximately 5.0 fil (61

mg/ml) of DNase-free RNase was added to each bottle,

followed by gentle shaking. Each mixture was incubated at

room temperature for 8 min. and centrifuged at 10,000 rpm
for 10 min. at 4° C. Each upper aqueous phase was carefully

with drawn and transferred to a clean 25 ml sterile Oak
Ridge centrifuge tube using pipetmen without disturbing the

phases. Approximately two volumes of ice-cold 100% etha-

nol was added and mixed well to precipitate the plasmid

DNA, then centrifuged at 10,000 rpm for 5 min. at room
temperature. Supernatants were discarded (completely) and

each pellet was washed with 1.0 ml ice-cold 70% ethanol

and centrifuged at 10,000 rpm for 5 min. at room tempera-
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ture. The ethanol was drained off completely by inverting

the Oak Ridge tube without disturbing the pellet. Each pellet

was dried carefully and dissolved in approximate lv 1.0 ml
TE buffer (10 mM Tris base, 1.0 mM EDTA, pH 8.0) and the

concentration of the DNA was checked fluorometrically

(Dyna Quant 200; Hoefer). The concentration was adjusted

to 1.0 figlfil in TE buffer, He et al., 1990. For all bombard-
ment experiments, DNA isolated from a single extraction

(pAHC25 and pBI101.2) were used.

The isolated plasmid DNA was further purified according

to Sambrooket al., 1989. To a known volume ofDNA (in TE
buffer, pH 8.0), a one-tenth volume of 3.0 M sodium acetate

(pH 5.2) and two volumes of 100% ethanol were added, then

mixed well by gentle vortexing. The mixture was placed at

-20° C. for 20-30 min. and micro-centrifuged (13,000 rpm;

all micro-centrifugations were conducted at that speed) for

15 min. The supernatant was discarded and the pellet was
dissolved in TE buffer (volume estimated according to the

concentration desired) and the volume was adjusted appro-

priately after quantification fluorometrically to yield plasmid

DNA at 1.0 figlfil.

Sterilization of the Micro-Projectiles

Approximately 60 mg of tungsten micro-projectiles [M10
(0.73 fim) or M25 (1.6 /an)] were weighed and placed in a

1.5 ml micro-centrifuge tube to which 1.0 ml of 100%
ethanol was added, then vortexed vigorously for 3 min. The
mixture was micro-centrifuged for 1 min. to precipitate the

micro-projectiles. The supernatant was discarded and the

ethanol wash procedure was repeated twice. The final super-

natant was removed and the tungsten micro-projectiles were

re-suspended in 1.0 ml 100% ethanol and kept at room
temperature overnight. The following day, the mixture was
micro-centrifuged for 1 min. The supernatant was discarded

and micro-projectiles were washed with 1.0 ml sddw. The
tungsten micro-projectiles were then re-suspended in 1.0 ml
sterile 50% (v/v) glycerol yielding a 60 mg/ml stock, and

stored at -20° C. before use. This procedure of micro-

projectile preparation was utilized in all bombardment
experiments.

Sterilization of the PDS-1000/He®
The PDS-1000/He® was housed in the laminar air flow

hood in 255 Dorman Hall. The interior of the PDS-1000/
He® was surface-sterilized by spraying with reagent alcohol

(95% ethanol) 30 min. prior to use to allow complete ethanol

evaporation. The rupture disk retaining cap, macro-
projectile cover lid, macro-projectile holder, macro-

projectile launch assembly and target holder were sterilized

overnight in the laminar air flow hood by soaking in 100%
ethanol (contained in a box) and allowed to dry one hour

prior to use in bombardments. The macro-projectiles and

rupture disks were also sterilized by soaking in 100%
ethanol overnight in a sterile 150 ml beaker and dried in the

laminar air flow hood prior to bombardments. The stopping

screens were sterilized by autoclaving for 35 min. at 121° C.

and 100 KPa pressure. These procedures were followed for

all bombardment experiments.

Standard DNA-Tungsten Precipitation and Macro-Projectile

Loading

The following describes the standard protocol utilized for

DNA-tungsten micro-projectile precipitation and macro-

projectile loading, unless noted otherwise. A sterile aliquot

of 60 fil tungsten micro-projectiles (M10 or M25; obtained

from the 60 mg/ml frozen, sterile stocks) was pipetted into

a Treff (Tekmar) micro-centrifuge tube to which 5.0 fil of

pAHC25 DNA or pBI101.2 (1.0 figlfil) was added. Sterile,

frozen (-20° C.) 2.5 M CaCl2 solution (50 fil) was added,

followed by the addition of 20 fil of sterile frozen (-20° C.)

0.1 M spermidine. This mix was vortexed continuously for

3 min. and then micro-centrifuged for one min. The super-

natant was discarded and the micro-projectile-DNAmix was
washed with 250 fil 100% ethanol with the supernatant
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discarded again after micro-centrifugation. The pellet was
washed with 70% ethanol and micro-centrifuged as

described previously. The micro-projectile-DNA mix was
re-suspended in 60 fil 100% ethanol (Bio-Rad instruction

manual).

The precipitation and coating of DNA onto micro-

projectiles was monitored in initial experiments by staining

with 4',6-diamidino-2-phenylindole (DAPI; Sigma). A
DAPI stock solution (0.02 mM) was prepared according to

Lin et al., 1977, by dissolving in 5.0 mM phosphate buffer

(pH 7.5), 1.0 mM EDTA (pH 7.5). Approximately 5.0 fil of

the DAPI stock solution was pipetted into a sterile micro-

centrifuge tube and 5.0 fil of the DNA-coated tungsten

micro-projectiles were also added, then gently vortexed.

Approximately 8.0 fil of the stained micro-projectile-DNA

mix was placed at the center of a glass slide with a cover-slip

and observed for fluorescence under the Olympus BH-2
microscope using the ultra-violet light source. Following

confirmation of the presence of pAHC25 or pBI101.2 DNA
on the micro-projectiles, the DNA coated micro-projectiles

were loaded (12 fil) onto each sterile macro-projectile and

dried in the laminar air flow hood. The dried, loaded

macro-projectiles were used immediately in bombardments
of the four target tissues.

Pressure

Three different helium pressures were tested to determine

the optimal pressure for DNA delivery into all four target

tissue excised from the four genotypes listed previously. The
plasmid DNA (pAHC25 and pBI101.2; 1.0 fig/fil) were
precipitated separately onto M-25 (1.6 fan) tungsten micro-

projectiles using 2.5 M CaCl2 . The bombardments were
performed utilizing the three pressures with 1.0 cm gap and

7.5 cm target distances for all target tissues. Approximately

1.0 fig DNA and 720 fig tungsten micro-projectiles were
delivered per shot. The critical pressure was first determined

which was the pressure at which the target tissues were
drastically affected (damaged) by the blast impact. Once the

critical pressure was known, then pressure levels less than

the critical value were tested. A pressure of 1100 psi was
determined critical for all the tissues. Therefor, the three

helium pressures tested in optimization experiments were

450, 650 and 900 psi. The optimal pressure was determined

via transient GUS assays conducted three days post-

bombardment.

Tungsten Micro-Projectile Size

Two tungsten micro-projectile sizes, M-10 (0.73 fim) and

M-25 (1.6 fim) were compared in transient GUS assays

(three days post-bombardment) to determine the ideal tung-

sten micro-projectile size for all four target tissues obtained

from the four initial genotypes. Standard DNA-tungsten

precipitation was utilized and bombardments were con-

ducted at 650 psi helium pressure with 1.0 cm gap and 7.5

cm target distances. Once the optimal tungsten micro-

projectile size was determined, the effects of using freshly

prepared versus frozen tungsten M-25 (0.16 fim) micro-

projectiles were also evaluated following bombardments
and screening of the four target tissues from the four

genotypes via transient GUS assays. The bombardments
were conducted as previously noted and approximately 1.0

fig of DNA and 720 fig of tungsten micro-projectiles were

delivered per shot.

Optimal DNA and CaCl2 Concentrations for Precipitation

onto the Micro-Projectiles

Two additional DNA (2.0 and 3.0 fig/fil) concentrations

were compared with the standard concentration of 1.0 fig/fil

for all the target tissue types as evaluated in transient GUS
assays conducted three days post bombardment. The stan-

dard DNA-micro-projectile (M-25) precipitations (2.5 M
CaCl2) were followed which resulted in 2.0 fig and 3.0 fig

DNA delivered per shot, respectively (versus the standard

1 .0 /<g/shot) along with 720 fig tungsten per shot. Indepen-
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dent of this, three different CaCl2 concentrations (0.5, 1.0

and 1.5 M) were compared with the standard 2.5 M con-

centration for DNA(1.0 fig/fil) precipitation, testing all four

target tissues derived from four genotypes in transient GUS
assays conducted three days post-bombardment. DNA pre-

cipitations were conducted separately utilizing different con-

centrations of CaCl2 with M-25 micro-projectiles. Approxi-

mately 1.0 fig of DNA and 720 fig of tungsten micro-

projectiles were delivered per shot. For all, bombardments
utilized a helium pressure of 650 psi with 1.0 cm gap and 7.5

cm target distances.

Amount of DNA-Micro-Projectile Mix Loaded and Deliv-

ered Per Shot

Three different amounts (1.0 fil, 5.0 fd, and standard 12 til)

of DNA-tungsten (M-25) micro-projectiles were loaded

onto macro-projectiles. This resulted in 60, 300 and 720 fig

tungsten with 0.08, 0.42, and 1.0 fig DNA delivered per shot,

respectively. Standard DNA (1.0 fig/fil) precipitation (2.5 M
CaCl2) was conducted with M-25 tungsten micro-

projectiles. Bombardments were conducted at 650 psi

helium pressure with 1.0 cm gap and 7.5 cm target distances

for all four target tissue types obtained from the four initial

genotypes. Optimal quantity of tungsten micro-projectiles

delivered per shot were evaluated in transient GUS assays

conducted three days post-bombardment.

Testing Gap Distances

Three different gap distances were compared: 0.32, 0.65

and 1.0 cm. Standard DNA (1.0 figlfil) precipitation onto

M-25 tungsten micro-projectiles was conducted using 2.5 M
CaCl2 . The bombardments utilized 650 psi helium pressure

and a 7.5 cm target distance testing all target tissues obtained

from the four initial genotypes. Approximately 0.96 fig of

DNA and 720 fig of tungsten micro-projectiles were deliv-

ered per shot. Optimal gap distance was determined based

on transient GUS assays conducted three days post-

bombardment.

Testing Optimal Plating Density

The number of target tissues placed at the central 2.5 cm
target area (diameter) of the petri plate were compared with

the standard number listed first: 30 vs 35 immature zygotic

embryos, 24 vs 30 mature zygotic embryos, and 40 vs 50
nodal sections (each source). Standard DNA ( 1 .0 tig/td)

precipitation onto M-25 tungsten micro-projectiles was con-

ducted with 2.5 M CaCl2 . The bombardments were con-

ducted at 650 psi helium pressure with 1.0 cm gap and 7.5

cm target distances for three tissues: nodal sections excised

from germinated immature embryos, immature zygotic

embryos and mature zygotic embryos. A gap distance of

0.65 cm (with identical helium pressure and target distance)

were used for bombardment of nodal sections excised from

mature seedlings. Approximately 1.0 fig of DNA and 720 fig

of tungsten micro-projectiles were delivered per shot. All

four genotypes were screened and assayed for GUS expres-

sion three days post-bombardment.

Results for Regeneration

Immature zygotic embryos (14 dpp) from four genotypes,

(commercial hybrids: Dekalb 683, Pioneer 3085, Pioneer

3156, and inbreds: Sc229-1 and Sc229-2) were placed on
three MS-based media supplemented with 1.0 mg/1 kinetin

and sucrose (w/v basis) at 12% (Medium M
x ),

15% (medium
M2), or 17% (medium M3). Cultures were incubated in the

dark at room temperature to determine the ideal medium
which allowed maturation of immature zygotic embryos and

prevented precocious germination.

Immature zygotic embryos were creamish-white in color

and approximately 1.5 mm in length prior to being placed on

maturation media. Embryos began to swell and increased in

size within four days on all maturation media. The creamish-

white zygotic embryos (at the center of the scutella) gradu-

ally became dense white in color and looked similar to

mature zygotic embryos within five days after culture ini-
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tiation. At that time, plates were transferred to a 16 h

photoperiod. After approximately three additional days, the

coleoptile and coleorhiza became visible and embryos ger-

minated to give rise to normal seedlings. However, seedlings

were smaller in size compared to those that arose from
mature seeds.

All three media were effective on all genotypes and

promoted maturation within seven days from culture initia-

tion. Looking at calculated averages for the four genotypes

within individual media, immature zygotic embryos on

medium M2 andM3 yielded comparable responses (96% and

95%, respectively) and appeared to perform better than M x

(87%; Table 13). Within individual genotypes, results were
not as clear. That is why the averages were used as a basis

to select the medium to use in additional screenings. Since

media M 2 and M 3 were comparable, M2 was chosen because

Lowe et al., 1995, obtained similar maturation responses on

a MS-based medium supplemented with the same percent-

age sucrose (plus 1.0 mg/1 zeatin and 1.0 mg/1 IAA).

Screening for Genotype-Independence of Immature Zygotic

Embryo Maturation Protocol

Following pre-screening with the four genotypes, imma-
ture embryos from all 21 genotypes were evaluated on

medium M2 . Maturation responses after seven days in

culture for all genotypes ranged from 93-98%, with a

calculated average of 96% (Table 14). No genotypic differ-

ences could be detected with inbred immature zygotic

embryos responding as well as those of commercial hybrid

genotypes.

31)

35

40

TABLE 13

Percentages of immature zygotic embryos (14 dpp) from four maize

genotypes capable of maturation on three sucrose-rich

media
2

after seven days in culture.

Percent Maturation

Genotype M1 M2 M3

Dekalb 683 84 ± 11 98 ± 3.0 96 ± 3.0

Pioneer 5085 89 ± 3.0 96 ± 3.0 96 ± 3.0

Pioneer 3156 91 ± 8.0 98 ± 3.0 98 ± 3.0

Sc229-1 84 ± 11 96 ± 3.0 93 ± 3.0

Sc229-2 87 ± 14 93 ± 5.0 91 ± 6.0

Avg.y 87 ± 3.0 96 ± 3.0 95 ± 2.0

Numbers represent mean percent response ± standard deviation from 15

embryos per plate with 3 replicate plates (rounded to the nearest whole

number)
zMS-based medium each containing 12% (M ±), 15% (M^) and 17% (w/v;

M 5) sucrose plus 1.0 mg/1 kinetin
yAverage calculated value ± standard deviation among those numbers

within each medium

50

55

TABLE 14

Percentages of immature zygotic embryos (12-14 dpp) capable of

maturation from 21 maize genotypes on medium M2
Z

after

seven days in culture.

Genotype Percent Maturation

Grain hybrids

60

65

Agratech 810

Agratech 888F4
Asgrow Rx897
Asgrow Rx899

Cargill X9255
Cargill 8327

Dekalb 649

Dekalb 683

ICI 8281

Northnip King n7787

Northnip King n8811

96 ± 3.0

96 ± 3.0

98 ± 3.0

98 ± 3.0

96 ± 3.0

98 ± 3.0

98 ± 3.0

98 ± 3.0

96 ± 3.0

96 ± 3.0

96 ± 3.0
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TABLE 14-continued

24

Percentages of immature zygotic embryos (12-14 dpp) capable of

maturation from 21 maize genotypes on medium M2
Z
after

seven days in culture.

Genotype Percent Maturation

Pioneer 3085 96 ± 3.0

Pioneer 3145 98 ± 3.0

Pioneer 3156 96 ± 3.0

Pioneer 3167 93 ± 5.0

TR 1185 96 ± 3.0

Sweet corn hybrid Funks G90 96 ± 3.0

Inbreds Mp708 96 ± 3.0

Sc229-1 93 ± 5.0

Sc229-2 96 ± 3.0

Tx601 96 ± 3.0

Va35 96 ± 3.0

Avg. y 96 ± 1.0

15

Numbers represent mean percent response ± standard deviation from 15

embryos per plate with 3 replicate plates (rounded to the nearest whole

number)
zMS-based medium each containing 12%(w/v) sucrose plus 1.0 mg/1 kine-

tin
yAverage calculated value ± standard deviation among those numbers for

all 21 genotypes

Adventitious Shoot Organogenesis from Seedling Nodal

Section Explants

Nodal section explants were excised from five day old

germinated embryos (immature; post-maturation) and seed-

lings (mature seeds) of four genotypes and placed on six

MS-based media (A-F) which were supplemented with 2.0

mg/1 BAP plus different concentrations (0.25-0.75 mg/1) of

CPA or 2,4-D. Explants were cultured under a 16 h photo-

period and numbers of adventitious shoots were counted

eight weeks after initiation.

Regardless of origin, nodal sections excised from all four

genotypes elongated slightly and initiated multiple micro-

shoots on four of the six media [contained 0.25 or 0.5 mg/1

CPA (A,B) or 2,4-D (D, E)] within 8-10 days and were

visible under a binocular dissecting microscope. Although

2,4-D promoted proliferation of immature Triticum aestivum

L. (wheat) shoot meristem(s) within the node. They sug-

gested that this occurred by suppression of the pre-formed

and newly arisen meristems. It was also proposed that 2,4-D

retained those meristems in a budding (continuous

proliferation) state and this kind of response was a common
feature of cereal cell cultures, Wernicke and Milkovits,

1986. Similar to this, Raman et al., 1980, observed in their

maize shoot tip cultures, that the shoot apical meristems

formed multiple shoots on a MS-based medium supple-

mented with adenine sulfate dihydrate (120 mg/1), kinetin

(3.0 mg/1) plus IAA or IBA (1.0 mg/1). In our preliminary

experiments, we observed that 2,4-D and CPA could induce

adventitious multiple shoot proliferation on two sources of

nodal section explants.

Table 15 summarizes the average number of adventitious

shoots produced per nodal section explant for each genotype

on the six media. Results demonstrated that nodal sections

excised from both sources could successfully produce

shoots. With very few individual exceptions, media A (0.25

20 mg/1 CPA plus 2.0 mg/1 BAP) and D (0.25 g/1 2,4-D plus 2.0

mg/1 BAP) generated greater numbers of shoots on both

sources of nodal section explants within and among geno-

types (Table 15). Among genotypes, medium A (versus D)
yielded similar or greater combined calculated averages for

both nodal section types. The same trend was noted within

individual genotypes (Table 15). The only noted difference

between explant sources was also observed in medium A,

where greater numbers of shoots (per individual genotype

and combined average) were produced on nodal sections

excised from immature germinated embryos. (Within D,

only one individual genotypic difference was noted between

the two explant sources, but the combined calculated aver-

ages were similar).

Multiple-shoot cultures subcultured after four weeks onto

the same initial media increased in number. Micro-shoots,

separated at the end of eight weeks, elongated after transfer

onto a PGR-free basal MS medium (supplemented with 10

mg/1 glycine and 150 mg/1 asparagine) within three weeks
when cultured under a 16 h photoperiod. Individual shoots

increased in size by expansion of leaf blades coupled with

25

30

35

the shoot apical meristem had been discarded, it appeared

that adventitious shoots were produced by rapid and direct 40 internodal elongation. Elongated shoots rooted successfully

proliferation of one (or more) preformed shoot meristem

located within the explant, without callus production. Micro-

shoots developed in clusters all over the upper surface of

each nodal section regardless of source in all four genotypes.

Developing leaves from micro-shoots appeared normal

(sometimes curled) and possessed trichomes which covered

the mini-leaf blades visible under a binocular dissecting

microscope. Wernicke and Milkovits, 1986, determined that

within three weeks after transfer onto the same basal

medium supplemented with 0.5 mg/1 IBA (MSR) and pro-

duced intact plantlets. Two plantlets regenerated from each

of the four genotypes were transplanted to a soilless mix in

pots and acclimatized, then transplanted to soil and grown to

maturity in the greenhouse. No phenotypic abnormalities

were noted for the regenerated plants from all four geno-

types.

TABLE 15

Adventitious shoot regeneration from nodal sections excised from

germinated immature embryos and seedlings on six different media

for four maize genotypes after eight weeks in culture.

Media

Genotype

No. Shoots per nodal section (immature germinated embryo)

Dekalb 683 47.3 ± 6.0 19.1 ± 5.1 12.4 ± 2.3 20.1 ± 2.1 16.3 ± 3.6 11.6 ± 2.2

Pioneer 3085 43.1 ± 3.6 14.1 ± 4.8 15.3 ± 1.2 26.2 ± 2.9 24.8 ± 2.4 16.7 ± 2.8

Pioneer 3156 46.7 ± 4.8 15.2 ± 2.4 14.1 ± 1.2 45.3 ± 4.9 13.4 ± 1.8 12.3 ± 1.4
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TABLE 15-continued

Adventitious shoot regeneration from nodal sections excised from

germinated immature embryos and seedlings on six different media

for four maize genotypes after eight weeks in culture.

Media-

Genotype A B

Sc229-1 41.9 ± 3.2 16.3 ± 2.6 15.9 ± 2.4 31.9 ± 2.4 17.9 ± 2.1 10.1 ± 1.6

Sc229-2 44.6 ± 3.6 17.1 ± 1.2 15.3 ± 3.2 31.1 ± 3.1 16.9 ± 1.2 12.7 ± 2.4

Avg. y 44.7 ± 2.0 16.3 ± 1.7 14.6 ± 1.2 30.9 ± 8.3 17.8 ± 3.8 12.7 ± 2.1

No. Shoots per nodal section (seedling)

Dekalb 683 36.1 ± 2.4 14.2 ± 2.1 10.2 ± 1.2 16.1 ± 1.9 23.4 ± 2.5 10.1 ± 2.2

Pioneer 3085 35.3 ± 2.3 11.3 ± 1.9 16.4 ± 2.3 23.5 ± 2.4 24.6 ± 2.8 9.3 ± 1.7

Pioneer 3156 32.2 ± 2.1 10.2 ± 1.4 13.2 ± 2.1 32.6 ± 1.3 23.1 ± 2.5 11.2 ± 2.1

Sc229-1 29.1 ± 1.2 15.6 ± 2.5 10.7 ± 1.6 27.3 ± 3.3 13.9 ± 1.3 8.7 ± 2.2

Sc229-2 36.4 ± 2.5 13.2 ± 2.3 13.6 ± 1.9 29.8 ± 3.8 18.2 ± 2.4 4.2 ± 0.9

Avg. 33.8 ± 2.8 12.9 ± 1.9 12.8 ± 2.2 25.9 ± 5.7 20.6 ± 4.0 8.7 ± 2.4

Number represent mean ± standard deviation of three replicate with 5 explants per replicate

plate

MS-based media containing 3% (w/v) sucrose and 2.0 mg/1 BAP; A-C contains 0.25, 0.5,

0.75 mg/1 CPA respectively; D-F contains 0.25, 0.5, 0.75 mg/1 2,4-D, respectively
yAverage calculated value ± standard deviation among those numbers within each medium

Screening for Genotype-Independence of the Organogenic 25

Regeneration Protocol

Following pre-screening, two media (A and D) were
chosen to evaluate nodal section (two sources) responses for

the 21 genotypes. Adventitious shoots formed on both

sources of nodal sections from both maturity types and ,0
followed a similar trend as described previously for pre-

screened genotypes (Table 15, 16). Nodal sections placed on
mediumA yielded comparable or greater numbers of shoots

within and among all genotypes regardless of explant source

(Table 16). Within medium A, immature nodal sections

(excised from germinated immature embryos) gave greater 35

responses than their seedling counterparts within and among
all genotypes. Within medium D, comparison of the com-
bined averages determined that both sources of nodal sec-

tions yielded similar numbers of adventitious shoots and

were similar to mature explants on medium A (Table 16). It 40

was evident that explant source and medium both contrib-

uted to the number of shoots generated per explant.

With this developed regeneration system, the numbers of

shoots obtained from nodal section explants rivaled the

numbers reported to be generated from pre-formed shoot
45

tips. Zhong et al., 1992, produced multiple shoot clumps
(20-50 shoots per explant) from shoot tips excised from

germinated seedlings (mature seeds) for 21 maize genotypes

(no quantitative data given for all 21 genotypes) on a

MS-based medium supplemented with BAP, (2.0 mg/1) and

500 mg/1 casein hydrolysate, and cultured in the dark. In 50

Honey N Pearl, precociously germinated immature embryo

seedling shoot tips placed on a medium supplemented with

2,4-D (0.5 mg/1) and BAP (2.0 mg/1) yielded approximately

10 shoots per explant, Zhong et al., 1992.

Adventitious shoots from all 21 genotypes were excised

following eight weeks of culture, elongated on medium
MS-0 (supplemented with 10 mg/1 glycine and 150 mg/1

asparagine) for three weeks and, then placed on a rooting

medium (MSR, MS-based medium containing 0.5 mg/1

IBA; 3 weeks) to form plantlets. Elongation and rooting

were successful in all 21 genotypes. Two plantlets per

genotype were acclimatized and successfully transplanted to

soil in pots, but the plants were lost due to lack of care, and

therefor, not grown to maturity.

Adventitious shoot regeneration was demonstrated in all

21 genotypes which included both inbreds and commercial

hybrids. Therefor, the regeneration protocols were deter-

mined to be genotype-independent, although differences

between genotypes in regard to degrees of response were
noted. Regardless, both explant sources responded to pro-

duce multiple adventitious shoots capable of forming plant-

lets in approximately 14 weeks. When compared to results

obtained in Experiment I, greater numbers of shoots could

be produced per nodal section explant, regardless of source

(maturity). Maize regeneration via nodal section explants is

unique and could be coupled with biolistic transformation

protocols. If amenable to DNA uptake, such genotype-

independent regeneration protocols could find potential use

in developing more efficient maize transformation systems.

TABLE 16

Adventitious shoot regeneration from nodal sections excised from germinated

immature embryos and seedlings from 21 maize genotypes on media A and D after

eight weeks in culture.

No. Shoots Per Nodal Section

Immature Germinated Embryo Seedling

Genotype A DAD
Grain Hybrids Agratech 810 42.5 ± 3.2 13.4 ± 1.3 34.2 ± 3.5 22.5 ± 2.5

Agratech 888F4 43.9 ± 2.9 21.2 ± 2.6 33.6 ± 3.4 17.2 ± 2.3

Asgrow Rx897 45.3 ± 3.7 20.9 ± 1.9 29.3 ± 2.4 23.7 ± 2.6

Asgrow Rx899 52.4 ± 7.1 30.1 ± 3.4 36.2 ± 2.9 32.1 ± 4.0
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TABLE 16-continued

Adventitious shoot regeneration from nodal sections excised from germinated

immature embryos and seedlings from 21 maize genotypes on media A and D after

eight weeks in culture.

No. Shoots Per Nodal Section

Immature Germinated Embryo _ Seedling

Genotype

Cargill X9255 44.7 ± 3.8 36.1 ± 3.6 34.1 ± 3.7 27.2 ± 3.3

Cargill 8327 41.2 ± 2.5 34.2 ± 2.9 29.8 ± 3.3 26.6 ± 3.2

Dekalb 649 52.2 ± 6.8 19.4 ± 2.2 37.1 ± 3.2 22.3 ± 2.6

Dekalb 683 49.0 ± 4.2 21.6 ± 2.5 33.7 ± 3.4 19.7 ± 2.1

ICI 8281 46.8 ± 3.4 22.5 ± 2.2 35.2 ± 3.7 21.9 ± 2.7

Northrup King n7787 41.2 ± 2.5 32.1 ± 3.4 28.3 ± 2.6 23.1 ± 2.4

Northrup King n8811 40.6 ± 1.7 36.2 ± 3.8 29.4 ± 2.4 19.4 ± 2.2

Pioneer 3085 43.6 ± 2.1 29.3 ± 2.9 35.2 ± 3.7 16.1 ± 1.8

Pioneer 3145 47.8 ± 3.4 33.9 ± 3.2 33.9 ± 3.4 29.7 ± 3.8

Pioneer 3156 48.6 ± 2.9 27.7 ± 3.1 33.1 ± 3.3 25.8 ± 3.1

Pioneer 3167 46.2 ± 3.5 32.2 ± 3.2 34.5 ± 2.5 22.4 ± 2.6

TR 1185 56.1 ± 7.6 12.2 ± 1.2 24.3 ± 1.4 21.3 ± 2.4

Sweet corn hybrid Funks G90 47.2 ± 2.8 33.4 ± 4.1 31.2 ± 3.3 24.1 ± 2.7

Inbreds Mp708 37.6 ± 2.5 29.2 ± 2.2 29.7 ± 3.3 23.2 ± 2.4

Sc229-1 42.1 ± 3.3 33.1 ± 3.1 28.3 ± 2.6 28.6 ± 2.6

Sc229-2 46.9 ± 3.4 32.8 ± 3.4 30.1 ± 3.3 31.4 ± 3.2

Tx601 38.4 ± 3.3 28.6 ± 2.9 28.2 ± 2.6 30.2 ± 2.9

Va35 43.3 ± 2.7 34.6 ± 4.2 26.7 ± 1.9 29.1 ± 2.7

Avg. y 45.4 ± 4.4 27.9 ± 6.9 31.6 ± 3.3 24.4 ± 4.4

Numbers represent mean ± standard deviation of the mean of three replicate plates with 5 explants

per replicate
yAverage calculated value ± standard deviation among those numbers for all 21 genotypes within

each medium

Results—Biolistic Transformation

Large scale plasmid DNA (pAHC25 and pBI101.2)
extractions were conducted following modification of a

lithium mini-prep protocol, He et al., 1990. Plasmid DNA
yields of 5.0-6.0 mg per 500 ml culture were obtained.

Plasmid pAHC25 served as the primary source of foreign

DNA. As detailed previously, it contained GUS as the

reporter gene and bar as the selectable marker gene, while

the negative control, pBI101.2, contained a GUS coding

sequence that lacked a promoter. For all bombardment
experiments, plasmid DNA (pAHC25 and pBI101.2) iso-

lated from a single extraction were utilized in the following

experiments to preclude DNA variability between experi-

ments. DNA was purified and concentrated to remove phe-

nol contamination during extraction, with concentrations

adjusted to 1.0 fig/fd in TE buffer, pH 8.0 and confirmed

fluorometrically.

Optimization of Bombardment Protocols

Nodal sections excised from immature germinated
embryos and mature seedlings were utilized as targets for

foreign DNA uptake. Optimized gene delivery for all types

via PDS-100/fie® was determined via transient GUS
assays, conducted three days post-bombardment. Initially,

foreign DNA delivery was optimized for eight biolistic-

related parameters for each explant source harvested from
the four genotypes consistently used in pre-screenings

(Dekalb 683, Pioneer 3085, Pioneer 3156, Sc229-1 and
Sc229-2). Optimized protocols were then used to target the

four explant sources from all 21 genotypes to determine

genotype-independence of the protocols. A pre-set target

distance of 7.5 cm was used for all bombardments. Initial

experiments determined that target distances less 7.5 cm
caused severe visible damage to all four target tissue types

and sometimes the target explants were blown from the

plate.

Determination of Optimal Helium Pressure (Rupture Disk

Strength)

Rupture disks that burst at three different helium pressures

(450, 650 and 900 psi) were used for the bombardments of

standard numbers of immature and mature seedling nodal

sections (40 per plate), and immature (30 per plate) and
mature (24 per plate) zygotic embryos from the four geno-

35 types. Target tissues were bombarded independently with

pAHC25 (3 replicate plates) and pBI101.2 (2 replicate

plates) DNA for each tested variable in this and all subse-

quent experiments. Unless noted, all bombardments utilized

a standard DNA precipitation protocol according to Bio-Rad
(Bio-Rad instruction manual; 2.5 M CaCl2). In this

40
experiment, DNA (1.0 /(g/shot) coated onto 1.6 fan tungsten

micro-projectiles (720 fig tungsten/shot), and a gap distance

of 1.0 cm were utilized.

Results determined that all target tissues from five geno-

types bombarded at 650 psi displayed greater numbers of
45 GUS-positive sectors (blue spots) within and among geno-

types (two exceptions: Pioneer 3156 IS, Sc-229-2 immature

embryos), identified in transient assays (Table 18). Bom-
bardments at 650 psi could yield approximately twice the

number of blue sectors versus 450 and 900 psi, which

50 yielded comparable numbers. Within three of the four indi-

vidual explant sources bombarded at 650 psi, some differ-

ences between genotypes were noted (Table 18). In IS,

Pioneer 3085 and Sc229-2 yielded greater numbers of

GUS-positive sectors than Dekalb 683 and Pioneer 3156.

„ Dekalb 683 immature zygotic embryos performed better

than Pioneer 3156 and Sc229-2, with Pioneer 3086 mature

zygotic embryos outperforming Dekalb 683, Sc-229-1 and

Sc229-2. However, since all genotypes were capable of

DNA uptake in all each explant source, all were classified as

genotype-independent DNA introduction protocols which
60 would be further optimized in the following sections.

As expected, mean numbers of blue spots per explant

differed between explant tissues, and appeared to correlate to

target surfaces of each explant type. The larger the target

surface area, the greater numbers of GUS-positive sectors.

65 Target tissues bombarded with pBI101.2 (negative control

plasmid DNA) did not yield any GUS-positive sectors in

this, or any other optimization experiment. With the results
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described above, it was determined that a helium pressure of

650 psi was ideal for bombardment of each of the target

tissue types.

TABLE 18

Evaluation of optimal helium pressure (rupture disk strength) determined

in transient GUS assays three days post-bombardment on nodal sections

excised from germinated immature embryos (IS) and mature (MS)

seedlings, and immature and mature zygotic embryos from four

maize genotypes.

Helium Pressure/Rupture Disk Strength (psi)

450

Genotype No

650 990

GUS positive sectors/explant

Nodal sections (IS)

Dekalb 683

Pioneer 3085

Pioneer 3156

Sc229-1

Sc229-2

Avg. 2

Dekalb 683

Pioneer 3085

Pioneer 3156

Sc229-1

Sc229-2

Avg.

Dekalb 683

Pioneer 3085

Pioneer 3156

Sc229-1

Sc229-2

Avg.

Dekalb 683

Pioneer 3085

Pioneer 3156

Sc229-1

Sc229-2

Avg.

1.4 :

1.3 :

1.2 :

0.4

0.4

0.4

1.4 + 0.4

1.8 ± 0.6

1.4 ± 0.2

2.1

2.6

3.1

: 0.3

: 0.4

: 0.5

: 0.7

: 0.4

1.2 :

1.3 :

1.4 :

1.2 :

0.4

0.4

0.4

0.4

2.7 ± 0.4

Nodal sections (MS)

2.0 ± 0.3

1.4 ± 0.2

1.1 ± 0.3

1.6 ± 0.4

1.3 ± 0.4

1.2 ± 0.4

1.7 ± 0.4

1.4 ± 0.2

3.2 :

2.9 :

3.3 :

0.4

0.4

0.4

3.1 ± 0.3

2.9 ± 0.3

3.1 ± 0.1

1.2 ± 0.4

1.4 ± 0.4

1.8 ± 0.4

1.1 ± 0.3

1.3 ± 0.4

1.4 ± 0.2

Immature zygotic embryos

2.1 ± 0.5

1.8 ± 0.5

1.4 ± 0.4

1.5 ± 0.4

1.9 ± 0.6

1.7 ± 0.2

4.3 ± 0.4

4.0 ± 0.4

3.3 ± 0.4

4.0 ± 0.6

2.8 ± 0.8

3.7 ± 0.5

Mature zygotic embryos

1.3 ± 0.4

l.b ± 0.4

1.9 ± H.()

1.2 ± 0.4

2.1 ± 0.4

1.6 ± 0.3

4.9 ± 0.5

6.3 ± 0.4

5.2 ± 0.6

4.8 ± 0.7

5.9 ± 0.6

5.4 ± 0.5

10.1 ± 0.7

11.9 ± 0.7

10.2 ± 1.1

9.8 ± 1.0

9.6 ± 1.0

10.3 ± 0.8

4.7 ± 0.4

5.6 ± 0.6

4.3 ± 0.4

3.9 ± 0.5

5.1 ± 0.7

4.7 ± 0.5

Number represent mean number of GUS-positive sectors (blue spots) ±

standard deviation of three random samples taken per plate bombarded

with pAHC25, with 3 replicate plates sampled
zAverage calculated value ± standard deviation among those numbers

within each helium pressure/rupture disk strength

Determination of Optimal Tungsten Micro-Projectile Size

To determine the optimal tungsten micro-projectile size

for each of the tissue types in all four genotypes, two

tungsten sizes, 0.73 fim and 1.6 fim, were compared. The

bombardments utilized the standard DNA precipitation

protocol, 730 fig tungsten and 1.0 fig DNA per shot, helium

pressure (650 psi) and gap distance (1.0 cm). The same

numbers of targets and replicates per explant type were used

in this and subsequent experiments as described int he

previous section. Results determined that all target tissues

bombarded with 1.6 fim tungsten micro-projectiles could

yield nearly almost twice the numbers of GUS positive

sectors compared to 0.73 fim in all five genotypes (Table 19).
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TABLE 19

Evaluation of optimal tungsten size determined in transient GUS assays

three days post-bombardment on nodal sections excised from germinated

immature embryos (IS) and mature (MS) seedlings, and immature and

mature zygotic embryos from four maize genotype.

Tungsten size (/mi)

10 Genotype

0.73 1.6

No. GUS positive sectors/explant

Nodal sections (IS)

15

20

25

30

35

Dekalb 683 1.3 ± 0.4 3.6 ± 0.5

Pioneer 3085 1.5 ± 0.4 3.9 ± 0.5

Pioneer 3156 1.3 ± 0.4 3.2 ± 0.4

Sc229-1 1.3 + 0.4 3.1 ± 0.3

Sc229-2 1.4 ± 0.4 3.1 ± 0.4

Avg.z 1.4 ± 0.1 3.4 ± 0.3

Nodal sections (MS)

Dekalb 683 1.3 ± 0.4 3.6 ± 0.5

Pioneer 3085 2.2 ± 0.4 3.2 ± 0.4

Pioneer 3156 1.1 ± 0.3 3.6 ± 0.4

Sc22<J-l 2.1 ± 0.5 3.1 ± 0.4

Sc229-2 1.6 ± 0.4 2.9 ± 0.3

Avg. 1.7 ± 0.4 3.3 ± 0.3

Immature zygotic embryos

Dekalb 683 1.6 ± 0.4 4.6 ± 0.5

Pioneer 3085 1.4 ± 0.4 3.4 ± 0.5

Pioneer 3150 1.2 ± 0.4 3.2 ± 0.4

Sc229-1 2.4 ± 0.6 4.4 ± 0.5

Sc229-2 2.6 ± 0.5 3.2 ± 0.4

Avg. 1.8 ± 0.5 3.7 ± 0.6

Mature zygotic embryos

Dekalb 683 4.4 ± 0.5 10.1 ± 0.7

Pioneer 3085 5.6 ± 0.6 10.4 ± 0.7

Pioneer 3156 4.3 ± 0.4 10.6 ± 0.7

Sc229-1 4.7 ± 0.4 10.3 ± 0.8

Sc229-2 3.8 ± 0.6 9.7 ± 0.5

Avg. 4.7 ± 0.6 10.2 ± 0.3

Number represent mean number of GUS-positive sectors (blue spots) ±

standard deviation of three random samples taken per plate bombarded

with pAHC25, with 3 replicate plates sampled
zAverage calculated value ± standard deviation among those numbers

within each tungsten size

Independent of the above experiment, frozen tungsten

micro-projectiles (1.6 fim) used for bombardment at 650 psi

yielded greater numbers of GUS-positive sectors on all four

target tissues within and among genotypes [exception: Pio-

neer 3156 (IS) and Sc229-2 (immature zygotic embryos)]

compared to micro-projectiles prepared fresh (Table 20).

(Frozen micro-projectiles were prepared days to months in

advance and stored in the freezer until the day of

bombardment). Within individual explant sources bom-
barded with frozen 1.6 /urn tungsten micro-projectiles, some
differences were noted between the genotypes. In IS, three

genotypes (Dekalb 683, Sc229-1 and Sc229-2) yielded

greater numbers of GUS-positive sectors than Pioneer 3156.

Immature zygotic embryos from Dekalb 683, Pioneer 3085

and Sc229-1 performed better than Sc229-2. Mature zygotic

embryos from Dekalb 683 displayed greater numbers of

GUS-positive sectors compared to Pioneer 3156, Sc229-1

and Sc229-2. Regardless of slight genotypic differences,

these results indicated that tungsten micro-projectiles stocks

could be frozen in 50% glycerol until use. The extended

contact period between tungsten micro-projectiles and 50%
glycerol (along with possible freeze-related changes) may
have contributed to greater numbers of GUS-positive sectors

compared to the fresh stocks. Ratnayaka and Oard, 1995,

observed higher GUS expression with bombarded non-

regenerable rice suspension cells when 100 fi\ of 50%
glycerol was incorporated during precipitation ofDNA onto
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tungsten micro-projectiles (frozen or fresh; 0.2-1.5 ^m). It

was deduced that maintaining tungsten-micro-projectile

stocks in 50% glycerol was advantageous and aided in

higher transient GUS expression.

With results described above, it was determined that 1.6

fan frozen tungsten micro-projectiles were ideal for bom-

bardments at 650 psi for all maize target explants. In

addition, it was apparent that the pre-set target distance (7.5

cm) and a gap distance (1.0 cm) did not preclude DNA
introduction.

TABLE 20

Evaluation of fresh versus frozen 1.6 /*m tungsten micro-projectiles via

transient GUS assays three days post-bombardment on nodal sections

excised from germinated immature embryos (IS) and mature (MS)

seedlings, and immature and mature zygotic embryos from four

maize genotypes.

10

15

Genotype

Tungsten size (1.6 urn)

Fresh Frozen

No. GUS positive sectors/explant

Nodal sections (IS)

Dekalb 683 1.4 ± 0.4 3.6 ± 0.5

Pioneer 3085 1.2 ± 0.4 3.3 ± 0.9

Pioneer 3156 1.3 ± 0.4 2.1 ± 0.4

Sc229-1 1.8 ± 0.6 3.1 ± 0.3

Sc229-2 1.4 ± 0.4 3.1 ± 0.4

Avg. z
1.4 ± 0.2 3.0 ± 0.5

Nodal sections (MS)

Dekalb 683 1.1 ± 0.3 3.3 ± 0.4

Pioneer 3085 1.2 ± 0.4 3.2 ± 0.4

Pioneer 3156 1.1 ± 0.3 3.6 ± 0.4

Sc229-1 1.1 ± 0.3 3.1 ± 0.4

Sc229-2 1.7 ± 0.4 2.9 ± 0.3

Avg. 1.2 ± 0.2 3.2 ± 0.2

Immature zygotic embryos

Dekalb 683 1.8 ± 0.5 4.6 ± 0.5

Pioneer 3085 1.4 ± 0.4 4.3 ± 0.4

Pioneer 3156 1.5 ± 0.4 4.0 ± 0.4

Sc229-1 2.4 ± 0.6 4.4 ± 0.5

Sc229-2 2.6 ± 0.5 2.8 ± 0.8

Avg. 1.9 ± 0.5 4.0 ± 0.6

Mature zygotic embryos

Dekalb 683 4.9 ± 0.5 11.9 ± 0.7

Pioneer 3085 4.8 ± 0.7 10.2 ± 1.1

Pioneer 3156 6.3 + 0.4 10.1 + 0.7

Sc229-1 4.7 ± 0.4 10.3 ± 0.8

Sc229-2 4.9 ± 0.5 9.8 ± 1.0

Avg. 5.1 ± 0.6 10.5 ± 0.7

30

25
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55

Number represent mean number of GUS-positive sectors (blue spots) ±

standard deviation of three random samples taken per plate bombarded

with pAHC25, with 3 replicate plates sampled
zAverage calculated value ± standard deviation among those numbers

within fresh/frozen tungsten micro-projectiles

Determination of Optimal DNA Concentration

Three DNA concentrations, 1.0, 2.0 and 3.0 figjfi

(resulting in 1.0 fig, 2.0 fig and 3.0 fig per shot, respectively,

using the standard DNA precipitation protocol) were com-

pared in bombardments of the four explant sources from the

four genotypes. Bombardments were conducted at 650 psi, 60

with 720 fig 1.6 fan frozen tungsten per shot and 1.0 cm gap

distance. Results determined that the lowest DNA concen-

tration (1.0 fig/shot) yielded greater numbers of GUS-
positive sectors within and among the genotypes for all four

explant sources (Table 21). The numbers of GUS-positive 65

sectors appeared to decrease with increasing DNA concen-

trations.
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TABLE 21

Evaluation of optimal DNA concentration determined in transient GUS
assays three days post-bombardment on nodal sections excised from

germinated immature embryos (IS) and mature (MS) seedlings,

and immature and mature zygotic embryos from four maize genotypes.

DNA Concentration (//g/shot)

1.0 2.0 3.0

Genotype No. GUS positive sectors/explant

Nodal sections (IS)

Dekalb 683 3.2 ± 0.4 1.3 ± 0.4 0.6 ± 0.5

Pioneer 3085 3.4 ± 0.5 2.1 ± 0.5 0.3 ± 0.5

Pioneer 3156 3.6 ± 0.5 1.9 ± 0.6 0.3 ± 0.5

Sc229-1 3.2 ± 0.4 1.2 ± 0.4 0.2 ± 0.4

Sc229-2 3.0 ± 0.7 1.2 ± 0.4 1.1 ± 0.3

Avg.z
3.3 ± 0.2 1.5 ± 0.4 0.5 ± 0.3

z,9/32 Nodal sections (MS)

Dekalb 683 3.1 ± 0.3 1.1 ± 0.3 0.4 ± 0.4

Pioneer 3085 3.3 ± 0.4 1.4 ± 0.4 0.9 ± 0.4

Pioneer 3156 3.2 ± 0.4 1.7 ± 0.4 0.6 ± 0.4

Sc229-1 3.4 ± 0.4 1.6 ± 0.4 1.3 ± 0.3

Sc229-2 3.3 ± 0.4 1.9 ± 0.6 0.5 ± 0.4

Avg. 3.3 ± 0.1 1.5 ± 0.3 0.7 ± 0.3

Immature zygotic embryos

Dekalb 683 4.2 ± 0.6 1.2 ± 0.4 0.3 ± 0.5

Pioneer 3085 3.3 ± 0.4 1.3 ± 0.4 1.2 ± 0.4

Pioneer 3156 3.0 ± 0.7 1.3 ± 0.4 1.1 ± 0.3

Sc229-1 4.1 ± 0.6 2.1 ± 0.5 0.9 ± 0.8

Sc229-2 3.6 ± 0.5 1.3 ± 0.4 0.9 ± 0.8

Avg. 3.6 ± 0.5 1.4 ± 0.3 0.9 ± 0.3

Mature zygotic embryos

Dekalb 683 9.3 ± 0.7 3.3 ± 0.4 2.9 ± 0.4

Pioncci 30X5 9.6 ± 1.0 2.2 ± 0.4 2.1 ± 0.5

Pioneer 5150 9.1 ± 1.2 3.6 ± 0.5 1.9 ± 0.6

Sc229-1 8.1 ± 0.6 3.3 ± 0.4 2.7 ± 0.4

Sc229-2 8.9 ± 0.9 2.2 ± 0.4 1.9 ± 0.6

Avg. 9.0 ± 0.5 2.9 ± 0.6 2.3 ± 0.4

Number represent mean number of GUS-positive sectors (blue spots) ±

standard deviation of three random samples taken per plate bombarded

with pAHC25, with 3 replicate plates sampled
zAverage calculated value ± standard deviation among those numbers

within each DNA concentration/per shot

Evaluation of Optimal CaCl2 Concentration for DNA Pre-

cipitation

DNA (1.0 fig/fiT) was precipitated in separate reactions

onto 1.6 fan tungsten micro-projectiles utilizing four con-

centrations (0.5, 1.0, 1.5, 2.5 M) of CaCl2 . Bombardments

were conducted on the target explant types from four geno-

types at 650 psi using 1.0 fig DNA/shot, 720 fig 1.6 fan

frozen tungsten/shot and a 1.0 cm gap distance. Although all

initial precipitation protocols utilized 2.5 M CaCl2 (Bio-Rad

instruction manual), previously, it had not been determined

optimal. However, results indicated that 2.5 M CaCl2 in fact

yielded greater numbers of GUS-positive sectors per explant

within and among genotypes. At 2.5 M, some differences

between genotypes within two of the explant sources were

noted.

Optimization of CaCl2 concentration was deemed impor-

tant due to a conflicting report which determined that lower

concentrations were better. Klein et al., 1988c, obtained

greater numbers of GUS-positive sectors in transient assays

post-bombardment in maize BMS cells after using 0.24 and

1.9 M CaCl2 for DNA precipitation compared to 2.4 M. Our

results indicated that lower concentrations, 0.5-2.0 M
yielded lower numbers of GUS-positive sectors per explant,

irrespective of genotype.
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TABLE 22

Evaluation of optimal CaCl2 concentration determined in

transient GUS assays three days post-bombardment on nodal

sections excised from germinated immature embryos (IS) and

mature (MS) seedlings, and immature and mature zygotic

embryos from four maize genotypes.

Ca^Cl Concentration fM)

0.5 1.0 1.5 2.5

Genotype No. GUS positive sectors/explant

Nodal sections (IS)

Dekalb 683 1.2 ± 0.4 1.3 ± 0.4 1.5 ± 0.4 3.1 ± 0.3

Pioneer 3085 1.4 ± 0.4 2.1 ± 0.5 1.3 ±0.4 3.3 ± 0.4

Pioneer 3156 1.6 ± 0.4 1.9 ± 0.6 1.3 ± 0.4 3.2 ± 0.4

Sc229-1 1.2 ± 0.4 1.2 ± 0.4 1.2 ± 0.4 3.4 ± 0.5

Sc229-2 2.0 ± 0.3 1.2 ± 0.4 1.1 ± 0.3 3.3 ± 0.4

Avg.
z

1.5 ± 0.3 1.5 ± 0.3 1.3 ± 0.1 3.2 ± 0.1

Nodal sections (MS)

Dekalb 683 1.1 ± 0.3 1.4 ± 0.4 1.2 ± 0.4 3.2 ± 0.4

Pioneer 3085 1.2 ± 0.4 1.2 ± 0.4 2.1 ± 0.5 3.3 ± 0.4

Pioneer 3156 1.6 ± 0.4 1.6 ± 0.4 1.9 ± 0.6 2.9 ± 0.3

Sc229-1 1.7 ± 0.4 1.7 ± 0.4 1.6 ± 0.4 3.3 ± 0.4

Sc229-2 1.9 * 0.6 1.9 ± 0.6 1.5 ± 0.4 3.0 ± 0.5

Avg. 1.5 ± 0.3 1.4 ± 0.1 1.7 ± 0.3 3.1 ± 0.2

Immature zygotic embryos

Dekalb 683 1.2 ± 0.5 2.3 ± 0.3 2.3 ± 0.4 4.3 ± 0.4

Pioneer 3085 1.3 ± 0.5 1.9 ± 0.6 1.9 ± 0.4 3.6 ± 0.5

Pioneer 3156 2.0 ± 0.4 1.7 ± 0.4 2.1 ± 0.6 3.4 ± 0.5

Sc229-1 2.1 ± 0.4 2.1 ± 0.4 1.9 ± 0.4 4.1 ± 0.6

Sc229-2 1.6 ± 0.6 2.3 ± 0.3 1.9 ± 0.4 3.0 ± 0.5

Avg. 1.6 ± 0.3 2.0 ± 0.1 2.0 ± 0.4 3.7 ± 0.4

Mature zygotic embryos

Dekalb 683 4.3 ± 0.4 5.1 ± 0.7 6.2 ± 0.4 11.0 ± 0.7

Pioneer 3085 5.6 ± 0.6 5.2 ± 0.7 5.9 ± 0.6 y.6 ± i.o

Pioneer 3156 6.1 ± 0.6 5.6 ± 1.1 6.1 ± 0.9 10.2 ± 1.1

Sc229-1 8.1 ± 0.6 6.3 ± 1.0 5.9 ± 0.6 11.3 ± 0.7

Sc229-2 8.2 ± 0.4 6.2 ± 1.0 6.2 ± 0.4 9.3 ± 0.7

Avg. 6.5 ± 1.4 5.8 ± 0.5 5.2 ± 0.1 10.3 ± 0.7

Number represent mean number of GUS-positive sectors (blue spots) ±

standard deviation of three random samples taken per plate bombarded

with pAHC25, with 3 replicate plates sampled
zAverage calculated value a: standard deviation among those numbers

within each CaCl2 concentration

Evaluation of Tungsten Micro-Projectiles Delivered Per

Shot

Three different concentration (per shot: 60, 300 and 720

fig) of 1.6 fim frozen tungten micro-projectiles were pre-

cipitated using the standard procedure (2.5 M CaCl2) in

separate reactions with pAHC25 DNA (1 .0 figlfA; 1 .0 fig per

shot). They were evaluated in bombardments at 650 psi with

a 1.0 cm gap distance using the target tissue types and the

four genotypes. As stated, all previous bombardments uti-

lized 720 fig DNA-coated micro-projectiles per shot, but

lower concentrations had not been evaluated. Results deter-

mined that delivery of 720 fig micro-projectiles per shot

yielded greater numbers of GUS-positive sectors regardless

of target tissue type within and among genotypes (Table 23).

Exceptions were noted in MS, where Pioneer 3085, Sc229-1

and Sc220-2 (60 ^g/shot) and Pioneer 3156 (300 fig) yielded

comparable numbers. At 720 fig, some genotypic differences

were noted within two explant sources. Within immature
zygotic embryos, Dekalb 683 and Sc229-1 displayed greater

numbers of GUS-positive sectors than Pioneer 3156 and

Sc229-2. Similarly, Dekalb 683 and Pioneer 3082 mature

zygotic embryos outperformed Pioneer 3156 (Table 23).

However, all explant sources from all four genotypes were

capable ofDNA uptake. Since most of the protocol had been
optimized utilizing 720 fig tungsten micro-projectiles, it was
not surprising that it was confirmed to be the optimal

quantity. This amount was higher compared to that reported

by Klein et al., 1988c, who determined that bombardment of

maize BMS suspension cells with tungsten at 150-200 fig

per shot caused a zone of dead cells. However, those

researchers utilized small cell clumps as targets which were
determined to be more sensitive to the quantity of tungsten

delivered.

TABLE 23

Evaluation of optimal tungsten micro-projectiles delivered per shot

determined in transient GUS assays three days post-bombardment on nodal

sections excised from germinated immature embryos (IS) and mature (MS)

seedlings, and immature and mature zygotic embryos from four

maize genotypes.

Tungsten Micro-Projectiles Delivered (/fg/shot)

60 300 720

Genotype No. GUS positive sectors/explant

Nodal sections (IS)

Dekalb 683 1.5 ± 0.4 2.3 ± 0.3 3.3 ± 0.4

Pioneer 3085 1.7 ± 0.4 2.2 ± 0.4 3.7 ± 0.5

Pioneer 3156 1.7 ± 0.4 1.9 ± 0.6 3.3 ± 0.4

Sc229-1 1.3 ± 0.4 1.7 ± 0.4 3.1 ± 0.3

Sc229-2 1.5 ± 0.6 1.5 ± 0.6 3.6 ± 0.5

Avg.
z

1.5 ± 0.1 1.9 ± 0.3 3.4 ± 0.2

Nodal sections (MS)

Dekalb 683 1.1 ± 0.3 2.1 ± 0.5 3.3 ± 0.4

Pioneer 3085 2.4 ± 0.6 1.9 ± 0.6 3.1 ± 0.3

Pioneer 3156 1.4 ± 0.4 2.7 ± 0.4 3.6 ± 0.5

Sc229-1 2.6 ± 0.7 2.3 ± 0.3 3.2 ± 0.4

Sc229-2 1.8 ± 0.6 1.5 ± 0.6 2.7 ± 0.4

Avg. 1.9 ± 0.6 2.1 ± 0.4 3.2 ± 0.3

Immature zygotic embryos

Dekalb 683 1.1 ± 0.3 1.9 ± 0.6 4.4 ± 0.5

Pioneer 3085 1.6 ± 0.4 2.2 ± 0.4 3.7 ± 0.5

Pioneer 315(> 1.3 ± 0.4 2.1 ± 0.5 3.1 ± 0.3

Sc229-1 2.2 ± 0.4 2.9 ± 0.3 4.6 ± 0.5

Sc229-2 2.3 ± 0.3 1.9 ± 0.6 3.2 ± 0.4

Avg. 1.7 ± 0.5 2.2 ± 0.4 3.8 ± 0.6

Mature zygotic embryo s

Dekalb 683 4.3 ± 0.4 4.9 ± 0.5 10.3 ± 0.8

Pioneer 3085 5.2 ± 0.6 4.3 ± 0.4 10.3 ± 0.8

Pioneer 3156 4.6 ± 0.5 3.9 ± 0.5 8.6 ± 0.5

Sc229-1 4.3 ± 0.4 3.7 ± 0.5 9.1 ± 1.2

Sc229-2 2.7 ± 0.4 3.9 ± 0.7 9.9 ± 0.9

Avg. 4.2 ± 0.8 4.1 ± 0.4 9.7 ± 0.7

Number represent mean number of GUS-positive sectors (blue spots) ±

standard deviation of three random samples taken per plate bombarded

with pAHC25. with 3 replicate plates sampled
zAverage calculated value ± standard deviation among those numbers

within each concentration of tungsten delivered/shot

50 Determination of Optimal Gap Distance

Three different gap distances (0.32, 0.65 and 1.0 cm) were

compared in bombardments conducted at 650 psi helium

pressure using 1.0 fig DNA and 720 fig frozen 1.6 fan

tungsten per shot using the standard precipitation protocol.

J5
As always, all target tissues from genotypes were compared
for responses (Table 24). Results determined that bombard-
ments with a gap distance of 1.0 cm yielded greater numbers
of GUS-positive sectors per explant on three of the four

target tissue types, while mature seedling nodal sections

from all genotypes yielded greater numbers of GUS-positive
60

sectors, within and among genotypes when a gap distance of

0.65 cm was used (Table 24). At that optimal gap distance,

no genotypic differences were noted. This was the first

difference noted between the four target explant types in

regard to optimization of biolistic-associated variables.

65 Mature nodal section explants may have had cell walls that

were slightly harder to penetrate compared to other targets.

The shorter distance between rupture disk and macro-
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projectile may have enhanced micro-projectile velocity

which allowed for greater penetration of those explants. No
quantitative or qualitative data were available in the litera-

ture regarding optimization of gap distances. With the results

obtained, it was clear that gap distances were important and
could vary depending on the target tissue explant utilized.

36
bers of explants per plate, one difference between genotypes

was noted. In immature zygotic embryos, Dekalb 683 dis-

played greater numbers of GUS-positive sectors than Pio-

neer 3085 and Sc229-2 (Table 25).

TABLE 25

TABLE 24

Evaluation of optimal gap distance determined in transient GUS assays

three days post-bombardment on nodal sections excised from germinated

immature embryos (IS) and mature (MS) seedlings, and immature and

mature zygotic embryos from four maize genotypes

Gap Distance (cm)

0.32 0.65 1.0

Genotype No. GUS positive sectors/explant

Nodal sections (IS)

1.4 ± 0.4 2.1 ± 0.5 3.2 ± 0.4

Pioneer 3085 1.7 ± 0.4 2.3 ± 0.5 3.6 ± 0.5

Pioneer 3156 1.4 ± 0.4 1.6 ± 0.4 3.1 ± 0.3

Sc229-1 1.2 ± 0.4 1.4 ± 0.4 2.9 ± 0.3

Sc229-2 1.6 ± 0.4 1.1 ± 0.3 3.3 ± 0.4

Avg.
z

1.5 ± 0.2 1.7 ± 0.4 3.2 ± 0.2

Nodal sections (MS)

Dekalb 683 1.3 ± 0.3 3.2 ± 0.4 1.7 ± 0.4

Pioneer 3085 1.6 ± 0.4 2.9 ± 0.3 1.5 ± 0.3

Pioneer 3156 1.2 ± 0.4 3.3 ± 0.4 1.7 ± 0.4

Sc229-1 1.7 ± 0.4 3.1 ± 0.3 1.3 ± 0.4

Sc229-2 1.9 ± 0.6 2.9 ± 0.3 1.2 ± 0.4

Avg. 1.5 ± 0.2 3.0 ± 0.2 1.5 ± 0.2

Immature zygotic embryos

Dekalb 683 1.1 ± 0.3 1.3 ± 0.4 4.2 ± 0.4

Pioneer 3085 1.9 ± 0.6 2.0 ± 0.7 3.9 ± 0.5

Pioneer 3156 2.3 ± 0.3 2.3 ± 0.3 3.7 ± 0.7

Sc229-1 2.6 ± 0.5 1.9 ± 0.6 4.2 ± 0.4

Sc229-2 2.7 ± 0.4 1.8 ± 0.6 3.3 ± 0.4

Avg.

Mature zygotic embryc

Dekalb 683 4.7 ± 0.4 5.1 ± 0.7 10.7 ± 0.8

Pioneer 3085 5.1 ± 0.7 4.2 ± 0.4 11.6 ± 0.8

Pioneer 3156 5.6 i 0.6 4.3 ± 0.4 9.7 ± 0.5

Sc227 4.9 ± 0.5 3.8 ± 0.6 10.1 ± 0.7

S1229 3.9 ± 0.7 2.6 ± 0.7 9.8 ± 1.0

Avg. 4.8 + 0.6 4.0 ± 0.8 10.4 ± 0.7

Number represent mean number of GUS-positive sectors (blue spots) ±

standard deviation of three random samples taken per plate bombarded

with pAHC25, with 3 replicate plates sampled
zAverage calculated value ± standard deviation among those numbers

within each gap distance

Determination of Optimal Plating Density of Target Tissues

Two different plating densities for each target tissue type

from the four genotypes were compared. Nodal sections

from germinated immature embryos and mature seedlings

(40 versus 50 sections per plate), immature zygotic embryos

(30 versus 35 embryos per plate) and mature zygotic

embryos (24 versus 30 embryos per plate) were closely

compacted in a circle (completely filled) in the central 2.5

cm diameter area of the petri plate. All bombardments
utilized helium at 650 psi with 1.0 fig DNA and 720 fig

frozen 1.6 fan tungsten micro-projectiles per shot (standard

precipitation), and optimal gap distance per target tissue (1.0

or 0.65 cm). As stated earlier, in previous experiments,

standard numbers of explants per plate (per shot) were the

lower values listed in each comparison. Results determined

that the lower numbers of explants (40 immature and mature

nodal sections, 30 immature zygotic embryos and 24 mature

zygotic embryos) targeted per bombardment yielded greater

numbers of GUS-positive sectors per explant within and

among genotypes (exceptions: Pioneer 3085 MS, Sc-229-2

immature zygotic embryos; Table 25). Within optimal num-

Evaluation of optimal explant plating densities determined in transient

GUS assays three days post-bombardment on nodal sections excised from

germinated immature embryos (IS) and mature (MS) seedlings, and

immature and mature zygotic embryos from four maize genotypes

Genotype No. GUS Positive Sectors/Explant

Nodal sections (IS)

15

20

25

30

35

40

45
Number represent mean number of GUS-positive sectors (blue spots) ±

standard deviation of three random samples taken per plate bombarded

with pAHC25, with 3 replicate plates sampled
z
No. of explants arranged compactly inside a 2.5 cm diameter circle per

plate (replicate)
yAverage calculated value ± standard deviation among those numbers

50 within each plating density

No quantitative data comparing plating densities for target tissues could be

identified in the literature.

in the literature. Routine maize transformation protocols

frequently utilized suspension cells as targets, Gordon-
55 Kamm et al., 1990, Fromm et al., 1990, in which densities

could not be used for comparisons to explant numbers in this

research. Hill et al., 1995, targeted 36 immature embryos

(14-15 dpp) per bombardment utilizing a helium pressure of

1550 psi, 1.0 fan gold particles and a target distance of 8.0

60 cm. Our results determined that plating densities of target

explants may be an important factor for efficient gene

delivery.

Genotype-Independence of the Bombardment Protocols

Different target tissues excised from 21 maize genotypes

65 were compared for numbers of GUS-positive sectors deter-

mined per explant after bombardments. These bombard-

ments were performed utilizing optimized parameters

Dekalb 683

Pioneer 3085

Pioneer 3156

Sc229-1

Sc229-2

Avg. y

Dekalb 683

Pioneer 3085

Pioneer 3156

Sc229-1

Sc229-2

Avg.

Dekalb 683

Pioneer 3085

Pioneer 3156

Sc229-1

Sc229-2

Avg.

Dekalb 683

Pioneer 3085

Pioneer 3156

Sc229-1

Sc229-2

Avg.

3.6 ± 0.5

3.9 ± 0.5

3.3 ± 0.4

3.3 + 0.4

3.2 ± 0.4

3.5 ± 0.3

2.1 ± 0.4

2.2 ± 0.4

1.3 ± 0.4

1.9 ± 0.6

1.6 ± 0.4

1.8 ± 0.3

Nodal sections (MS)

40 per plate

3.1 ± 0.3

3.0 ± 0.5

3.2 ± 0.4

3.3 ± 0.4

3.6 ± 0.5

3.2 ± 0.2

50 per plate

2.2 ± 0.4

2.3 ± 0.3

1.3 ± 0.4

1.9 ± 0.6

2.3 ± 0.3

2.1 ± 0.2

Immature zygotic embryos

30 per plate

4.6 ± 0.5

3.3 ± 0.4

3.6 ± 0.5

4.2 ± 0.4

3.1 ± 0.3

3.7 ± 0.5

35 per ptate

1.3 ± 0.4

1.2 ± 0.4

1.9 ± 0.6

2.2 ± 0.4

2.4 ± 0.6

1.8 ± 0.5

Mature zygotic embryos

24 per plate

9.1 ± 1.2

10.2 ± 1.1

10.1 ± 0.7

9.8 ± 1.0

9.3 ± 0.7

9.7 ± 0.4

30 per plate

4.1 ± 0.6

5.9 ± 0.6

6.3 ± 0.4

5.7 ± 0.5

5.8 ± 0.4

5.7 ± 0.8
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obtained in pre-screening of the four genotypes (commercial mature seedling nodal sections were identified as unique

hybrids: Dekalb 683, Pioneer 3085, Pioneer 3156; inbreds: targets, the first such report for maize biolistic

Sc229-1 and Sc229-2). transformation-optimization protocols.

TABLE 26

Results of the transient GUS assays conducted three days post-bombardment

utilizing optimal biolistic parameters on nodal sections excised from germinated

immature embryos (IS) and mature (MS) seedlings, and immature and mature

zygotic embryos from 21 genotypes.

Mean Number GUS-Positive (Blue) Sectors Per Explant

Zygotic embryos

Nodal sections ("dia: 1.2-1.5 mm) Immature Mature

Genotype IS MS (length: 1.5 mm) (length: 3.0-5.0 mm)

Grain hybrids

Inbreds

Avg. z

Agratech 810 2.1 ± 0.5 2.1 ± 0.5 2.0 ± 0.5 9.3 ± 0.7

Agratech 888F4 3.0 ± 0.7 2.7 ± 0.7 3.0 ± 0.7 10.1 ± 0.7

Asgrow Rx897 3.3 ± 0.2 3.3 ± 0.2 3.3 ± 0.4 9.8 ± 1.0

Asgrow Rx899 3.3 ± 0.2 3.1 ± 0.4 4.2 ± 0.6 9.7 ± 0.5

CargiH X9255 1.6 ± 0.4 2.6 ± 0.4 3.6 ± 0.5 10.2 ± 0.3

Cargill 8327 2.6 ± 0.5 3.2 ± 0.4 4.2 ± 0.6 10.4 ± 0.7

Dekalb (>4<J 3.3 ± 0.2 2.1 ± 0.5 4.1 ± 0.6 10.2 ± 0.3

Dekalb 683 3.0 ± 0.7 3.3 ± 0.2 4.1 ± 0.6 10.6 ± 0.7

ICI 828

1

2.1 ± 0.5 1.1 ± 0.3 2.6 ± 0.5 10.2 ± 0.3

Northrup King n7787 2.6 ± 0.5 3.3 ± 0.2 4.2 ± 0.6 11.9 ± 0.7

Northrup King n8811 2.4 ± 0.6 3.1 ± 0.4 3.0 ± 0.7 9.8 ± 1.0

Pioneer 3085 2.6 ± 0.5 3.3 ± 0.2 4.2 ± 0.6 11.9 ± 0.7

Pioneer 3145 2.6 ± 0.5 1.6 ± 0.4 3.0 ± 0.7 10.3 ± 0.8

Pioneer 3156 1.3 ± 0.4 2.4 ± 0.6 4.2 ± 0.6 9.6 ± 1.0

Pioneer 3167 2.6 ± 0.6 2.1 ± 0.5 3.0 ± 0.7 10.6 ± 0.7

TO 1185 1.6 ± 0.4 2.6 ± 0.5 2.6 ± 0.6 10.6 ± 0.7

Funks G90 1.8 ± 0.5 2.0 ± 0.5 2.6 ± 0.6 10.6 ± 0.7

Mp708 2.4 ± 0.6 3.0 ± 0.7 4.1 ± 0.6 9.6 ± 1.0

Sc229-1 1.6 ± 0.4 2.1 ± 0.5 4.2 ± 0.6 10.3 ± 0.7

Sc229-2 3.3 ± 0.2 2.6 ± 0.5 2.4 ± 9.6 9.6 ± 1.0

Tx601 1.4 ± 0.4 2.1 ± 0.5 4.1 ± 0.6 10.3 ± 0.8

Va35 2.1 ± 0.5 1.3 ± 0.4 4.2 ± 0.6 9.6 ± 1.0

2.2 ± 0.7 2.2 ±0.7 3.3 ± 0.7 9.9 ± 1.1

Number represent mean number of GUS-positive sectors (blue spots) ± standard deviation of three random samples taken

per plate bombarded with pAHC25, with 3 replicate plates sampled
Averaged calculated value ± standard deviation among those numbers within each explant source

Results indicated that the protocol for each explant source

was genotype-independent in regard to successful delivery

of DNA. In each target tissue, all 21 genotypes displayed at

least one GUS-positive sector per explant (Table 26). As in

all previous experiments, bombardments with pBI101.2

yielded zero blue spots. Numbers of GUS-positive sectors

ranged from 1.1-3.3 for immature and mature nodal

sections, 2.0-4.2 and 9.3-11.9 per immature and mature
zygotic embryo respectively (Table 26).

Within each explant type, some genotypes displayed

greater numbers of GUS-positive sectors. In IS, Asgrow
hybrids and Dekalb 649 outperformed 11 genotypes, but

performed similar to eight others (Table 26).

Biolistic protocols for maize, thus far, have been opti-

mized for specific targets such as suspension cultures from
a few maize genotypes that include BMS, and A188 and B73
crosses, Klein et al., 1988; Gordon-Kamm et al., 1990;

Walters et al., 1992. Our optimized protocols for the four

target tissue types were proven genotype-independent in

transient GUS assays with respect to ability to efficiently

introduce DNA into al 21 genotypes tested. Interestingly, the

developed protocols did not differ with respect to the biolis-

tic parameters for all target tissues (except the gap distance:

0.65 cm for nodal sections from mature seedlings). Simi-

larities and genotype-independence of the protocols for all

target tissues are advantageous in that the user need not

change the biolistic parameters and could use the PDS-1000/
He® with ease for foreign DNA delivery into all target

tissues from different maize genotypes. Immature and

40

Screening

In vitro regeneration and biolistic DNA delivery protocols

were developed for maize utilizing juvenile explant sources:

nodal sections excised from germinated embryos

45
(immature) and seedlings (from mature seeds). Organogenic

regeneration protocols were initially developed for four

hybrid and inbred maize genotypes. The genotype-
independence of each protocol was confirmed by successful

regeneration of 21 maize genotypes which included 16

commercial grain hybrids, one sweet corn hybrid and four

50 inbred lines.

An adventitious shoot regeneration protocol was devel-

oped utilizing nodal sections excised from germinated

immature embryos (matured in vitro) and mature seedlings.

Optimal numbers of shoots were obtained on a MS-based
„ medium (A) containing 3% sucrose (w/v), 0.25 mg/1 CPA

plus 2.0 mg/1 BAP. Excised shoots elongated and rooted on

a MS-based medium containing 0.5 mg/1 IBA. Explants

were harvested from germinated embryos (immature) or

seedlings (mature). Use of mature seeds would ease the

season- and time-dependence of immature explant
60

availability/receptivity. This would also aid transformation

efforts due to the abundance of mature seeds year-round and

the ability to store them until needed.

Biolistic protocols using the PDS-lOOOHe® apparatus

were optimized via transient GUS histochemical assays

65 following bombardment with GUS-encoded pAHC25 DNA
coated onto tungsten micro-projectiles. Optimizations were

conducted on each of the target tissues from the four (hybrid
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and inbred) genotypes. The developed biolistic protocols 15. Cocking, E. C, and Davey, M. R. 1987. Gene transfer

were each confirmed to be genotype-independent after sue- into cereals. Science 236:1259-1262.
cessful introduction of pAHC25 DNA into cells of all four 16. Crossway, A., Oake, J. V., Irvine, J. M., Ward, B., Knauf,
target tissues harvested from 21 maize genotypes. Optimal v. C, and Shewmaker, C. K. 1986. Integration of foreign
bombardment protocols utilized 40 nodal sections, 30 imma-

5 DNA following micro-injection of tobacco mesophyll
ture or 24 mature zygotic embryos per petn plate, each "

protoplasts. Mol. Gen. Genet. 202:179-185.
organized m a 2.5 cm diameter circle. Plasmid pAHC25 17 Daltoll; s j and Dale> p j. 1985 . The application of in
DNA-coated 16 /an (M-25) tungsten micro-projectiles

vitro tiUer induction in LoUum multiflorum. Euphytica
(frozen) were delivered at a velocity ol 650 psi helium 34-g97_904
pressure with set gap (0 65 cm or 1.0 cm) and target (7_5 cm) Dekeyser, R., Inze, D., and Van Montagu, M. 1990.
distances. Approximately 1.0 fig pAHC25 DNA and 720 fig 10

Tran
'

;

'

,

'

K _W ncn Tn . Gustafson T P \
tungsten micro-projectiles delivered per shot were optimal.

transgenic plants, p. 23 /-250. In. Gustafson, J
.
K (hd.),

The developed protocols were determined genotype- £ene manipulation in plant improvement II. Plenum

independent after successful delivery of foreign DNA into Press, New York, N.Y.

all 21 genotypes for each target explant. 19 - Donath, M., Mendel, R., Cerff, R., and Martin, W. 1995.

Currently, routine maize transformation protocols are Intron-dependent transient expression of the maize GapAl

restricted to a few target explants and agronomically impor-
I? gene. Plant Mol. Biol. 28:667-676.

tant genotypes. With these inventive protocols, numerous 20. Duncan, D. R., and Widholm, J. M. 1988. Improved

agronomically important genotypes could be regenerated plant regeneration from maize callus cultures using

from explants which were also successfully used as targets 6-benzylaminopurine. Plant Cell Rpt. 7:452^-55.

in biolistics-based transformation protocols. 21. Duncan, D. R., Williams, M. E., Zehr, B. E., and
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What is claimed is:

1. A method of transforming maize tissue with exogenous

DNA, comprising:

precipitating said DNA onto tungsten microprojectiles of

about 1.4-1.8 micron average size in an amount cor- 50

responding to a ratio of about 0.75-1.25 micrograms

DNA per 720 micrograms of tungsten microprojectile,

bombarding nodal explants of maize that form adventi-

tious shoots with said DNA-bearing microprojectiles

by accelerating said DNA-microprojectiles at a pres-

46
sure of about 625-675 psi, said microprojectiles being

expelled from a source developing said pressure

upstream from said microprojectiles, wherein said

nodal explants are at least 7.5 cm from said micro-

projectiles prior to acceleration.

2. The method of claim 1, wherein said tungsten micro-

projectiles prior to said precipitating step have been sus-

pended in glycerol and frozen.

3. The method of claim 2, wherein said glycerol is a 50%
solution and said microprojectiles are maintained in said

frozen state for a period of at least two days prior to

precipitation of DNA thereon.

4. The method of claim 1, wherein said DNA is precipi-

tated onto said tungsten microprojectiles from a preparation

comprising 2.5 M CaCl2 .

5. The method of claim 1, wherein said nodal explants are

comprised of tissues at least 50% of which are in an active

phase of cell division.

6. The method of claim 5, wherein said nodal explants are

excised from germinated embryos or germinated mature

seeds.

7. The method of claim 6, wherein said explants are no

more than five days old.

8. A method of regenerating maize plants, comprising:

(a) germinating maize tissue selected from the group

consisting of maize embryos and maize mature seeds

on a germination medium comprising MS salts,

sucrose, DM-vitamins and optionally
6-benzylaminopurine, lor a period of time not more

than five days until germination occurs,

(b) excising nodal section explants from said germinated

maize tissue and growing said explants that form

adventitious shoots on an induction medium compris-

ing MS salts, sucrose, DM-vitamins and
6-benzylaminopurine by placing said explants on said

induction medium acropetal end up until adventitious

shoot formation is observed and elongating said adven-

titious shoots on a medium comprising sucrose, MS
salts and DM-vitamins until plantlets are formed.

9. The method of claim 8, wherein said maize tissue

selected is maize embryos, and said germination medium
does not include 6-benzylaminopurine.

10. The method of claims 8, wherein said method of

regeneration takes no more than fourteen weeks until plant-

lets are formed.

11. The method of claim 8, wherein said nodal section is

a seventh node of said seedlings, and has a cross-section

approximately 1.2-1.5 mm in length.

12. The method of claim 8, wherein said nodal explants

are transformed with exogenous DNA prior to growing said

explants on an induction medium.
13. The method of claim 12, wherein said exogenous

DNA is introduced by bombardment of said explants with

microprojectiles having said exogenous DNA precipitated

thereon.
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